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We  studied  passivation  effects  of  various  dielectric  films  for  GaAs  MESFETs, 
AlGaAs/GaAs  pseudo-morphic  HEMTs,  AlGaN/GaN  HEMTs  and  AlGaAs/GaAs  HBTs 
in  terms  of  dc  current-voltage  characteristics,  small  signal  responses,  pulse  and  power 
measurement. 

To  prolong  device  lifetimes,  depositions  of  passivation  films  play  an  important 
role  in  stabilizing  device  performance  under  biasing  conditions.  We  used  a plasma 
enhanced  chemical  vapor  deposition  (PECVD)  system  to  investigate  plasma-induced 
damage  effects  and  passivation  effects  with  different  discharges  such  as  N2,  H2  or  D2. 
Three  damage  mechanisms  are  found  after  plasma  exposures;  creation  of  deep  traps, 
preferential  loss  of  As  from  the  surface  and  passivation  of  acceptors  or  donors. 

Radiation  hard  investigations  were  conducted  with  exposure  of  Cobalt60  and 
gamma  sources  to  a variety  of  compound  semiconductors  devices.  The  irradiation  doses 
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corresponding  to  10-100  years  in  low  earth  orbit  could  cause  30-50  % degradation  in 
device  performance. 

Hydrogen-free,  MBE-grown  oxides  use  to  passivate  surface  traps  and  suppress 
the  current  collapse  phenomena  of  AlGaN/GaN  HEMTs.  We  examined  three  different 
passivation  films  (SiNx,  MgO  and  SC2O3)  for  their  effectiveness  in  mitigating  surface- 
state-induced  current  collapse  in  AlGaN/GaN  HEMTs.  Conventional  PECVD  SiNx 
could  recover  70-80%  current  level.  Both  the  SC2O3  and  MgO  passivated  device 
produced  essentially  complete  recovery  of  the  current  in  GaN-cap  HEMT  structures  and 
~80  to  90%  recovery  in  AlGaN-cap  structures.  In  addition,  the  SC2O3  had  superior  long- 
term stability,  with  no  change  in  HEMT  behavior  over  5 months  of  aging. 
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CHAPTER  1 
INTRODUCTION 

1.1  Motivation 

Si02  is  well  known  in  varied  applications  such  as  passivation  material  or 
insulator  in  the  interlevel  between  metal  and  semiconductor  in  the  last  decades1  '"5). 
Recently  evaporated  Si02  coupled  with  Ti02  has  been  used  as  reflective  mirror  in 
optoelectronic  devices16’8-1.  With  the  help  of  Si02  as  a passivation  layer,  device  lifetime 
actually  successfully  extend  compared  to  those  without  Si02  deposited(9’12).  In  addition, 
Si02  does  improve  device  leakage  current  several  order  of  magnitude  as  a result  of 
increasing  barrier  height  in  metal-oxide-semiconductor  devices.  Although  SiC>2  is  the 
essential  dielectric  material  in  Si  based  devices,  it  is  not  widely  used  in  III-V  dielectric 
device  fabrication  due  to  the  native  oxide  formed  during  deposition  at  the  SiC^/III-V 
material  interface.  The  III-V  semiconductor  native  oxides  consist  of  gallium  oxide  and 
arsenic  oxide  and  their  sub-oxides  and  it  is  known  as  the  GaAs/native  oxides  interface  is 
prone  to  high  non-radiative  recombination  rates.  The  formation  of  interface  states  may 
either  provide  device  leakage  passes  and  causes  degradation  in  device  performance 
eventually  during  operation  or  trap  carrier  due  to  the  creation  of  dangling  bonds  at  the 
surface.  PECVD  silicon  nitride  (SiNx)  is  currently  used  in  the  fabrication  of  III-V 
semiconductor  devices.  The  SiNx  films  are  typically  deposited  form  silane  (SiH4)  and 
ammonium  (NH3)  or  from  SiH4  + N2113’ 14).  For  the  plasma  enhanced  chemical  vapor 
deposition(PECVD)  system,  NH3  is  often  used  as  a nitrogen  source,  since  the  high  bond 
energy  of  N2  usually  results  in  silicon-rich  films. 
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Silicon  nitride  is  commonly  used  in  the  microelectronics  industry  as  a diffusion 
barrier,  an  interlevel  dielectric,  a storage  material  for  memory  devices,  and  as  a gate 
dielectric  in  thin  film  transistors.  This  is  because  SiNx  gives  better  device  performance 
than  other  dielectrics,  such  as  silicon  oxide  and  tantalum  oxide(15, 16). 

Ether  silicon  dioxide  or  silicon  nitride  can  not  avoid  a vital  degradation 
problem  in  reliability  test  causing  by  hydrogen  effects,  due  to  the  hydrogen  element  in 
PECVD  precursors.  A hydrogen-free  passivation  film  or  insulator  will  be  a promising 
alternative  for  compound  semiconductor  materials.  In  the  past  ten  years,  different 
techniques  such  as  Gas  Source  Molecular  Beam  Epitaxy  (GSMBE)  or  E-beam 
implemented  Molecular  Beam  Epitaxy  (MBE)  were  applied  to  grow  gate  oxide  such  as 
GGG,  SC2O3  or  MgO  for  III-V  compound  materials.  Recently  with  steadily  increasing 
emphasis  on  high  power  output  amplifier,  wide-bandgap  such  as  SiC  or  GaN  Field  Effect 
Transistors  provide  solutions  for  wireless  telecommunication  and  power  plant.  The  major 
obstacle  of  AlGaN/GaN  High  Electron  Mobility  Transistors  applications  is  the  instability 
of  surface  traps  resulting  in  the  formation  of  virtual  gate  between  high  electric  field 
between  gate  and  drain  terminals.  An  effective  passivation  film  which  passivate  dangling 
bond  and  provide  low  interface  state  density  will  be  essential  to  the  problem.  In  last  five 
years,  silicon  nitride  has  been  used  widely  to  cure  this  current  collapse  problem  but  long 
term  reliability  issue  as  a result  of  hydrogen  passivation  effects  still  is  a concern.  To 
develop  a solution  for  this  power  swing  problem  without  a worry  about  the  hydrogen 
passivation  will  be  interesting  topic  in  future. 

Another  important  reason  why  device  passivation  is  critical  is  related  to 
irradiation  hardness  of  semiconductor  devices.  Because  compound  semiconductor 
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devices  are  mainly  applied  in  wireless  telecommunication  business,  a high  resistance  to 
irradiation  property  can  lower  down  the  failure  number  and  the  cost  of  maintenance. 

Since  it  has  been  known  that  irradiation  hardness  is  directly  related  to  bandgap  energy  of 
semiconductor,  compared  to  silicon  based  devices,  gallium  arsenide,  silicon  carbide  or 
gallium  nitride  based  transistors  are  capable  to  operate  at  higher  irradiation  dosage.  An 
understanding  of  transistor  performance  changes  corresponding  to  the  exposed  doses  is 
important  for  circuit  designer.  In  addition,  the  protection  effects  of  passivation  layers  on 
device  performance  are  worthy  to  investigate. 

1 ,2  Dissertation  Outline 

Chapter  2 reviews  the  hydrogen  passivation  effect  and  surface  instability 
problem  of  Nitride  materials.  Chapter  3 presents  device  fabrication  and  characterization 
of  contact  study  on  VCSEL  structure,  the  AIN  Schottky  rectifier  and  AlGaN/GaN 
HEMTs  on  sapphire  by  HVPE.  Chapter  4 includes  the  hydrogen  passivation  effects  on 
AlGaAs/GaAs  ElEMTs  and  HBTs.  The  dc  current-voltage  technique  is  widely  used  to 
identify  plasma  damage  effects  on  device  performance  by  inductively  coupled  plasma 
etcher  in  order  to  simplify  the  plasma  chemical  factor.  Chapter  5 discusses  the  proton  and 
cobalt60  irradiation  hardness  of  different  compound  semiconductor  devices  on  varied 
materials.  Chapter  6 deals  with  the  deposition  of  dielectric  films,  SiNx  and  SiC>2,  by 
PECVD.  The  passivation  effects  on  current-voltage  characteristics  of  MESFET,  HBT  and 
Schottky  rectifiers  are  also  included.  Chapter  7 presents  the  growth  of  novel  oxide  by 
GSMBE  and  the  passivation  effect  on  GaN  HEMTs.  We  showed  short-  and  long-term 
reliability  of  oxide  for  nitride  HEMTs  were  performed  by  bias  stressing.  In  addition,  the 
shielding  effect  of  oxide  for  proton  irradiation  hardness  is  also  concluded. 


CHAPTER  2 

BACKGROUND  AND  LITERATURE  REVIEW 
2.1  Hydrogen  Effects 

Due  to  the  limited  thermal  stability  of  III-V  based  materials,  the  deposition 
temperature  is  kept  < 300  °C  and  the  Si-H  and  N-H  bonds  from  the  precursors,  SiH4  and 
NH3,  respectively,  can  not  be  completely  broken'17, 18).  Therefore,  typical  PECVD  SiNx 
does  not  have  a fixed  stoichiometry  but  rather  contains  varying  amount  of  Si,  N and  H. 
The  SiNx  films  deposited  in  system  without  a load-lock  chamber  often  contain  around  5% 
oxygen  when  low  deposition  temperature  is  used  (<  250  °C).  The  hydrogen  content  can 
be  as  high  as  39  % (atomic)  and  is  strongly  dependent  on  the  deposition  conditions.  The 
ratio  of  Si-H  to  N-H  also  depends  on  the  deposition  conditions'191.  The  rearrangement  of 
hydrogen  bonds  and  the  out-diffusion  of  free  hydrogen  in  the  film  can  create  traps  and 
cause  instability  in  devices'20'231.  Trap  formation  can  occur  at  subsequent  high 
temperature  process  steps  or  during  device  operation.  Under  high  electric  field 
conditions,  hot  electrons  can  inject  into  the  dielectric  film  and  will  release  bonded  H 
therefore  create  electron  traps. 

Hydrogen  is  critical  to  SiNx’s  electrical  characteristics  because  it  passivates 
dangling  bonds  in  the  bulk  and  the  interface  of  the  film.  To  date,  the  industry  still  adopts 
hydrogen  to  repair  dangling  bonds  inside  the  dielectric  film.  Due  to  the  high  electric  field 
and  heat  dissipation  problem  under  operation  environment,  hydrogen  atoms  passivating 
the  dangling  bonds  of  dielectric  film  acquire  enough  energy  to  debond  from  their  nearest- 
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neighboring  atoms.  Those  dangling  bonds  then  form  free  carrier  trap  centers  and 
deteriorate  the  device’s  performance. 

In  addition,  the  content  of  hydrogen  in  the  dielectric  film  also  affects  the 
morphology  of  the  surface.  The  surface  roughness  can  be  measured  by  atomic  force 
microscope.  The  rough  surface  may  cause  high  surface  recombination  velocity  and  have 
a high  defect  density  which  deteriorates  the  properties  of  SiNx  film.  The  surface 
roughness  may  be  affected  by  inadequate  deposition  condition,  such  as  a high  plasma 
power  or  high  hydrogenation  condition.  It  has  been  proven  that  thin-film  transistor  (TFT) 
mobility  decreases  with  the  increase  of  roughness  of  SiNx  surface  in  an  inverted, 
staggered  TFT(24).  Also  due  to  the  high  hydrogen  composition,  the  etch  rate  of  SiNx  is 
affected.  The  high  hydrogen-content  film  has  a higher  etch  rate  than  the  low  hydrogen- 
content  film.  The  refractive  index  is  related  to  the  etch  rate  of  the  SiNx.  Figure  2-1 
shows  PECVD  SiNx  etch  rate  vs.  film  refractive  index  and  hydrogen  content.  The  wet 
etch  rate  decreases  with  the  increase  of  the  film’s  refractive  index(2' ’. 
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Figure  2-1 . PECVD  SiNx  etch  rate  vs.  film  refractive  index  and  hydrogen  content(25). 
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Due  to  the  disadvantage  of  the  hydrogen  effect  on  SiNx,  lots  of  effort  has  been 
devoted  to  investigating  how  to  minimize  the  hydrogen  effect.  Increasing  in 
bombardment,  obtained  using  diluted  inert  gas,  can  help  to  reduce  hydrogen 
incorporation  and  to  control  film  stress(26'28).  In  this  study,  we  will  try  to  reduce 
hydrogen  content  by  modifying  the  precursor. 

2.2  Dielectric  Deposition  With  Different  Techniques 
2.2.1  Plasma-Enhanced  Chemical  Vapor  Deposition  (PECVD) 

The  motivation  for  using  plasma  enhanced  deposition  processes  is  that  the 
substrate  can  be  kept  at  low  temperature,  typically  300  °C  or  lower.  This  is  achieved  by 
reacting  gases  in  a low  discharge  (plasma)  which  supplies  much  of  the  energy  needed  for 
the  reaction.  The  plasma  is  created  by  applying  a high  electric  field  at  a frequency  of 
typically  13.56  MHz  across  the  gas  mixture.  Due  to  their  light  mass,  electrons  acquire 
much  higher  kinetic  energy  during  each  cycle  than  do  the  ions.  High-energy  electrons 
then  transfer  energy  to  the  gas  molecules  by  impact  and  initiate  a reaction  which  would 
have  otherwise  not  been  possible  at  low  temperature.  The  properties  of  plasma  deposited 
films  depend  on  several  variables  such  as  electrode  configuration  and  separation,  power 
level  and  frequency,  gas  composition,  pressure  and  flow  rate  and  substrate  temperature. 

PECVD  nitride  films  can  be  produced  from  silane  and  ammonia  or  nitrogen  at 
250-400  °C(29, 30).  Unlike  Si3N4  deposited  at  750-900  °C,  PECVD  nitride  films  are  not 
stoichiometric  and  depend  strongly  upon  the  method  and  deposition  conditions.  They 
typically  contain  excess  silicon  and  large  amounts  (15-35  atomic  %)  of  bonded  hydrogen 
in  form  of  Si-H,  Si-H2,  Si-H3,  N-H  and  N-H2(31,32). 
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It  is  known  that  reducing  temperature  or  eliminating  NH3  as  a reactant  tends  to 
form  films  with  many  traps(33).  Recently,  however,  there  has  been  interest  in  depositing 
silicon  nitride  and  other  materials  at  low  temperature  (<  140  °C).  As  the  temperature  is 
reduced  in  plasma  deposition,  the  energy  required  for  desorbing  hydrogen  becomes  less 
available,  leading  to  more  hydrogen  incorporation  and  reduction  of  film  density.  One 
way  to  increase  density  and  reduce  the  amount  of  hydrogen  in  PECVD  silicon  nitride  is 
to  use  N2  as  a reactant  instead  of  NH3(34).  The  hydrogen  content  of  nitride  films 
deposited  with  N2  at  250-300  °C  is  three  times  lower  than  that  deposited  with  ammonia 
under  similar  conditions. 

One  important  property  of  nitride  films  is  stress.  Nitride  films  can  exhibit 
tensile  or  compress  stress,  depending  on  the  deposition  conditions  and  subsequent 
processing.  For  example,  the  stress  of  silicon  nitride  films  depends  on  the  rf  chuck 
power,  as  shown  in  Figure  2-2(35).  The  temperature  may  also  affect  film  stress,  which  is 
also  important  for  device  applications(36). 
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Figure  2-2.  The  stress  and  film  thickness  vs.  percent  of  LF  power  for  Novellus  PECVD 
SiNx.  The  deposition  time  is  fixed(36). 


2.2.2  Electron  Cyclotron  Resonant  Chemical  Vapor  Deposition  (ECRCVD) 

The  typical  electron  cyclotron  resonant  chemical  vapor  deposition  (ECRCVD) 
is  a remote  plasma  system  and  has  two  chambers,  one  is  the  ECR  plasma  generation  and 
another  is  the  sample  position  chamber  where  deposition  occurs*3  7).  Reactive  radicals 
and  ions  are  generated  in  the  ECR  source  and  diffuse  into  the  deposition  region.  The 
electron  resonance  frequency  created  by  the  magnet  around  the  ECR  chamber  is  matched 
to  the  frequency  (2.45  GHz)  of  the  microwave  plasma  source  thus,  the  microwave  energy 
can  efficiently  incorporate  into  electrons.  The  energized  electrons  are  confined  inside  the 
ECR  zone  colliding  with  gas  molecules,  therefore,  the  ion  generation  rates  are  much 
more  efficient  as  compared  to  that  of  PECVD  system.  The  ion  densities  for  PECVD 
system  are  typical  ~ 109  cm'3  and  can  be  as  high  as  1012  cm'3  for  the  ECRCVD  system. 

This  unique  high  ion  density  property  of  the  ECR  system  results  in  many 
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advantages  over  PECVD.  First,  nitrogen  can  be  used  as  the  N-precursor  for  SiNx 
deposition,  therefore,  hydrogen  content  in  the  SiNx  film  should  be  significantly  reduced. 
Second,  the  high  density  ion  bombardment  can  reduce  the  H concentration  in  the  SiNx 
film.  Third,  ion  bombardment  enhances  the  surface  species  migration,  which  will 
improve  the  step  coverage  and  reduce  the  surface  roughness.  ECRCVD  SiNx  has  been 
shown  far  superior  conformity  of  coverage  around  PHEMT  T-gate  contacts  compared  to 
that  obtained  with  conventional  rf-PECVD. 

It  is  critically  important  to  encapsulate  the  device  with  dielectric  to  protect  it 
from  scratches  and  improve  the  device  stability.  However,  the  additional  dielectric  layer 
will  increase  the  gate  parasitic  capacitance  and  degrade  the  device  RF  performance.  This 
is  due  to  the  higher  dielectric  constant  of  passivation  layer  compared  to  that  of  air. 

2.2.3  Inductively  Coupled  Plasma  Chemical  Vapor  Deposition  (ICPCVD) 

Inductively  coupled  plasma  chemical  vapor  deposition(ICPCVD)  can  produce 
high  ion  density  plasma  conditions  similar  to  that  of  ECRCVD,  and  can  operate  at  higher 
pressure  (>  20  mTorr,  instead  of  < 5 mTorr  in  the  ECR  system).  ICPCVD  utilizes 
inductors  to  create  a high  density  plasma  in  the  processing  reactor.  This  high  pressure 
operation  capability  provides  the  deposition  rates  of  300-600  A/min.  This  high 
deposition  rate  will  reduce  the  exposure  time  of  the  intrinsic  semiconductor  surface  to  the 
ion  bombardment  during  the  deposition  and  may  curtail  the  device  damage.  The 
ICPCVD  has  several  advantages  over  the  silicon  nitride  using  the  LPCVD  and  PECVD 
methods.  The  ICPCVD  silicon  nitride  film  can  be  deposited  at  much  lower  temperatures 
(<400  °C)  than  LPCVD  silicon  nitride,  and  has  substantially  less  hydrogen  (5.5  atomic 
%)  than  the  PECVD  film.  In  addition,  PECVD  film  contains  some  oxygen  in  the  film. 
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The  wet-etch  rate  of  ICPCVD  silicon  nitride  is  comparable  to  that  of  low-pressure 
chemical  vapor  deposition(LPCVD)  film  and  is  significantly  less  than  that  of  PECVD 
film  in  both  hot  phosphoric  acid  and  buffered  HF  solutions.  The  stress  of  the  ICPCVD 
film  is  similarly  compressive  to  the  PECVD  silicon  nitride,  and  not  as  highly  tensile  as 
that  of  LPCVD  silicon  nitride(38).  Some  compared  results  are  shown  as  Table  2-1  and 
Table  2-2. 


Table  2-1  Elemental  concentration  of  1500  A of  silicon  nitride  films  deposited  using 
PECVD,  LPCVD,  and  ICPCVD  methods  obtained  using  RBS  and  HFS(38). 


Atomic  % concentration 

Depth  (A) 

Si 

N 

H 

O 

PECVD 

0-600 

35.2 

41.3 

19.5 

4.0 

600-1500 

34.9 

45.6 

19.5 

- 

LPCVD 

0-1500 

41.4 

56.3 

2.3 

- 

ICPCVD 

0-1500 

37.8 

56.7 

5.5 

_ 

Table  2-2  Selected  process  and  film  properties  of  PECVD,  LPCVD,  and  ICPCVD  silicon 
nitride(38). 


PECVD 

LPCVD 

ICPCVD 

Deposition  rate  (A/min) 

1800 

300 

960 

Refractive  Index 

1.985 

2.003 

1.990 

Stress  (dyn/cm2) 

-1.5xl09 

lxlO10 

-3.8xl09 

Wet-etch  rate  in  85%  H3PO4  (A/min) 

373 

57 

69 

Wet-etch  rate  in  15:1  BHF  (A/min) 

46.0 

3.4 

2.3 

2.3  Ill-Nitride  HEMT  Properties 

Ill-nitrides  HFET  structures  mainly  comprise  of  an  interesting  group  of  wide 
badngap  materials  such  as  AlGaN  and  GaN,  which  gets  researchers’  attentions  in  many 
semiconductor  devices  such  as  power  amplifiers  and  microwave  telecommunications.  For 
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example,  Ill-nitride  based  devices  conduct  superior  performance  to  those  on  other  III-V 
compound  semiconductor  materials  in  terms  of  higher  frequency  operation,  high  output 
power  handling,  and  high  temperature  operation.  To  date,  high  temperature  transistors 
and  high  power,  high  frequency  transistors  have  been  demonstrated  and  the 
heterostructures  are  most  commonly  seen  in  these  transistors  and  it  gives  devices  more 
capabilities  to  reach  outstanding  performance. 

The  non-equilibrium  energy  bandgap  structure  of  typical  AlGaN/GaN  HEMT 
is  represented  in  Figure  2-3  and  Table  2-3  presents  band  offset  values  at  different  III- 
nitride  interfaces.  Unlike  other  III-V  compound  semiconductors’  structure,  Ill-Nitride 
materials  are  normal  wurtzite  structure,  and  the  growth  direction  is  typically  along  the  c- 
axis,  so  the  relevant  quantity  is  the  one  for  the  [0001]  orientation  on  sapphire  or  SiC 
substrate  by  MOCVD  or  MBE.  An  initialization  layer  such  as  AIN  or  AlGaN  is  applied 
to  nuclearize  the  epi-layer  growth.  Usually  a thick  buffer  (~2pm)  is  grown  in  order  to 
terminate  the  threshold  dislocations  propagate  from  nuclearlation  layer  into  AlGaN/GaN 
interface.  Because  of  the  mismatch  of  lattice  constant  of  AlGaN  and  GaN  and  polar 
properties  of  wurtzite  structure,  this  makes  a strain  field  and  also  polarization  field  at  the 

AlGaN/GaN  interface. 

Z 


AlGaN 

Eg 


Ec 

Ev 


Figure  2-3.  Energy  band  diagram  for  an  abrupt  heterojunction  of  AlGaN/GaN 
semiconductor  materials. 
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Table  2-3.  Valence(AV)  and  conduction  band(AC)  oft 

'set  for  Ill-nitride  interfaces. 

Interface 

AV  (eV) 

AC  (eV) 

AlN/GaN  rOOOl] 

0.8 

2.05 

(39) 

AlN/GaN  [0001] 

0.5 

2.4 

(40) 

AlN/GaN  [0001] 

1.36 

1.5 

(40) 

AlN/GaN  [110]  cubic  T 

0.7 

2.2 

(42) 

AlN/GaN  [0001  IT 

0.57 

2.3 

(43) 

AlN/GaN  [0001  IT 

0.68 

2.2 

(44) 

AlN/GaN  [00011 

0.6 

2.3 

(45) 

InN/GaN  [0001] 

0.93 

0.6 

(39) 

GaN/InN  [0001] 

0.59 

0.9 

(39) 

GaN/InN  [000 1]T 

0.7 

0.7 

(44) 

GaN/InN  [1101  cubic  T 

0.3 

1.2 

(42) 

AlN/InN  [00011 

1.32 

3.0 

(39) 

InN/AIN  [00011 

1.71 

2.6 

(39) 

AlN/SiC  [001]  cubic  T 

2 

(46) 

AlN/SiC  [1101  cubic  T 

1.6 

(46) 

GaN/SiC  [0011  cubic  T 

1.3 

(46) 

GaN/SiC  [1101  cubic  T 

0.4 

(46) 

2.3.1  Polarization  Fields 

There  are  two  kinds  of  polarization  effects,  one  is  spontaneous  polarization  and 
the  other  is  piezoelectric  polarization,  which  make  of  the  total  polarization  field  on  the 
AlGaN  or  GaN  layers.  The  spontaneous  polarization  is  very  sensitive  to  the  symmetrical 
structure  in  semiconductors  therefore,  a wurtzite  or  lower  symmetry  crystal  structure 
usually  possess  higher  spontaneous  polarization  field  than  cubic  or  zinc  blende  structure 
does(47).  In  wurtzite  lattice  structure,  this  spontaneous  polarization  field  is  along  a fixed 
direction  along  [0  0 0 1]  c-axis  and  can  be  written  as 

Psp  — Psp  • c (2- 1 ) 

where  PSp  is  the  scalar  value  of  the  polarization.  The  available  data  for  the  spontaneous 
polarization  in  the  Ill-nitrides  are  collected  in  Table  2-4. 


13 


Table  2-4.  Lattice  constants  (ao,  Co),  microscopic  dimensionless  parameter  (p), 
spontaneous  polarization  (Psp),  piezoelectric  (ep)  and  dielectric  (e,j)  constants  of  AIN, 
GaN  and  InN. 


Wurtzite 

AIN 

GaN 

InN 

ao(A) 

3.112 

3.189 

3.54 

Co  (A) 

4.982 

5.185 

5.705 

co/ao 

1.601 

1.627 

1.612 

1.619  (4X) 

1.634  (48) 

1.627  <48) 

F 

0.380  (4S) 

0.376  (48) 

0.377  (4S) 

Psp  (C/m2) 

-0.081  (48) 

-0.029 (4X) 

-0.032 

e33  (C/m2) 

1.46  (48) 

0.73  (48) 

0.97  (48) 

1.55  (44) 

l (50) 

0.65  (51) 

1.29  (i2) 

0.63  (52) 

e3i  (C/m2) 

-0.60  (4S) 

-0.49  (48) 

-0.57  (4S) 

-0.58 (49) 

-0.36 (Su) 

-0.33  pi) 

-0.38 (52) 

-0.32  (52) 

e,3  (C/m2) 

-0.48 (4y) 

-0.3  (5U) 

-0.33  (51) 

£n 

9.0  (49) 

9^^ 

£13 

10.7(49) 

10.4  (ii) 

1A6^ 

For  the  alloys  Psp  may  be  estimated  by  a simple  interpolation  procedure 
according  to  a Vegard-like  rule.  So  for  the  general  case  of  AlxInYGai.x-YN,  PSp  can  be 
computed  approximately  for  the  polarization  from  the  following  expression: 

PSP  (*,Y)  = X-  Psf  + Y ■ P™  + (1  - X - Y)PsfN  (2-2) 

Figure  2-4  shows  how  PSp  varies  across  the  entire  AlGalnN  materials  system, 
according  to  theoretical  calculations  by  Fiorentini  et  al(55).  From  the  figure,  spontaneous 
polarization  effects  play  an  important  role  for  Al-containing  structures,  while  in  Ga-In-N 
structures  the  influence  of  spontaneous  polarization  fields  is  less  obvious. 
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Figure  2-4.  Theoretically  calculated  spontaneous  polarization  in  the  AlxInYGai-x-YN  alloy 
system,  according  to  a Vegard-like  rule(55). 

Another  important  component  of  the  polarization  fields  in  III-N  HEMT 
structures  is  the  piezoelectric  polarization.  Because  of  differences  in  the  lattice 
parameters  of  Ill-nitride  materials,  AlGaN/GaN  multilayer  structures  based  on  this 
system  are  found  to  be  strained.  Most  of  the  strain  occurs  due  to  the  difference  in  thermal 
expansion  coefficients,  which  causes  elastic  strain  to  develop  in  the  layers  during  cool 
down  after  growth(56).  The  difference  between  two  materials  in  the  interface  usually 
contributes  a net  charge  caused  by  macroscopic  polarization  field,  especially  in  Ill-nitride 
group  since  these  polarization  fields  are  very  significant. 

2.3.2  two  DEG  in  AlGaN/GaN  Heteroi unction 

AlxGai.xN  grown  on  a GaN  buffer  layer  with  different  composition  X are  very 
interesting  for  Heterojuncion  Field  Effect  Transistor(HFET)  applications157'.  As  point  out 
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in  section  2.3.1,  this  material  system  has  very  strong  coefficients  for  both  spontaneous 
and  piezoelectric  polarization,  and  these  effects  will  drastically  influence  the  potential 
across  the  structure.  Depending  on  the  polarity  of  AlGaN/GaN  interface,  two  different 
cases  are  expected  to  occur,  one  is  Ga  terminated  face  and  the  other  is  N terminated  face 
as  shown  in  Figure  2-5.  When  a GaN  buffer  layer  is  grown  on  sapphire  by  MOCVD,  the 
surface  is  typically  found  to  be  Ga  face  as  shown  in  Figure  2-5(left).  However,  in  MBE 
growth,  the  growth  of  the  same  layer  with  polarity  is  typically  N-face  (Figure  2-5,  right). 
Therefore,  the  spontaneous  polarization  induced  charge  at  the  interface  will  be  opposite. 


Ga-faco  N-face 


Substrate 


Substrate 


Figure  2-5.  Schematic  drawing  of  the  crystal  structure  with  surface  termination  of 
wurtzite  Ga-face  and  N-face  GaN(58). 


The  polarization  fields  are  explained  in  more  detail  in  either  Ga  face  or  N face 
in  Figure  2-6.  For  Ga  terminated  case,  it  was  found  that  a positive  fixed  interface  charge 
ct  is  created  by  the  difference  of  total  polarization  between  GaN  and  AlGaN: 


cr  = AP  = (PA,GaN  - PGaN  ) = (P"  + P" ) - {PGaN  + PGaN  ) (2-3) 
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By  putting  in  numbers  into  this  equation,  high  sheet  charge  density  of  the  order  10  cm' 
is  obtained.  The  interface  charge  may  easily  attract  electrons  from  AlGaN  cap  layer,  GaN 
buffer  layer  or  from  a top  metal  contact  at  elevated  growth  or  processing  temperatures,  so 
that  a two-dimensional  electron  gas  (2DEG)  is  formed  betweem  AlGaN/GaN  interface. 
This  is  a very  important  property  of  an  AlGaN/GaN  heterojuncion,  since  it  allows  the 
formation  of  a dense  2DEG  in  an  undoped  region  without  modulation  doping  of  the 
AlGaN  barrier. 


a) 


Ga-face 


p 

T SF  ^ 

AlGaN 

relaxed 

T”  i 

l?Sr 

GaN 

relaxed 

^SP 

Substrate 

Substrate 

b) 

e) 

▼ ^ 

AlGaN 
tensile  strain 

1 

GaN 

relaxed 

1 

Substrate 

Substrate 

c) 

GaN 

compressive 

strain 

f) 

P P t 

I * SP  £ Pf  Q 

* 

l p-  n 

1 + r 

p 

AlGaN 

relaxed 

1 ^SP 

Substrate 

Substrate 

-0 


-0 


+cr 


Figure  2-6.  Polarization  induced  sheet  charge  density  and  directions  of  spontaneous  (PSp) 
and  piezoelectric  (PPE)  polarization  in  Ga-  and  N-face  strained  and  relaxed  AlGaN/GaN 
heterostructures(:,8). 
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On  the  other  hand,  the  N terminated  face  will  reverse  the  polarity  and  this 
operation  not  only  reverses  the  spontaneous  field,  but  also  the  piezoelectric  field  which 
provided  the  strain  field  remains  the  same.  In  order  to  maintain  a 2DEG  in  an  N-face 
structure,  a second  thin  GaN  layer  has  to  grown  on  top  of  the  AlGaN.  The  upper 
AlGaN/GaN  interface  will  then  have  2DEG  in  the  GaN  layer  close  to  the  interface.  In 
Figure  2-7,  the  fixed  polarization  induced  interface  charges  and  compensating  free  carrier 
populations  are  shown  in  the  case  of  Ga  face  HFET  structure. 


Schottky 

contacl 

A 

300Ai-Al0  ^Gao 

85N 

\/ 

i-GaN 

1 

1 

I 

1 

1 

• 

Figure  2-7.  (a)  Schematic  diagram  of  a nominally  undoped  A10.15Ga0.85N/GaN 
heterostructure  field-effect  transistor  structure,  (b)  Conduction-band  energy  diagram;  the 
dash  line  represents  the  Fermi  level  and  eOb  is  the  Schottky  barrier  height,  (c)  Schematic 
diagram  of  polarization  induced  ctpz  and  free-carrier  charge  distribution  ct2deg(59). 


In  order  to  solve  potential  profile  across  AlGaN/GaN  interface,  the 
Schrodinger  equation  and  the  Poisson  equation  are  solved  simultaneously  with 
appropriate  boundary  assumption.  Polarization  induced  electron  charge  density  can  be 
calculated  by  the  following  equation(60): 
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n{x)  = ^ - (^f^-)[eOb(x)  + Ef(x)  - A Ec(x)] 
e de 


(2-4) 


where  the  variable  x is  the  A1  concentration  of  AlxGai.xN.  s represents  the  dielectric 
constant,  a the  fixed  polarization-induced  charge,  Ob  the  Schottky  barrier  height,  d the 
thickness  of  the  AlGaN  layer,  Ef  the  Fermi  energy  at  the  AlGaN/GaN  interface  with 
reference  to  the  GaN  conduction  band  edge,  and  AEc  the  conduction  band  offset  at  the 
AlGaN/GaN  heterojunction.  Fermi  energy  Ef(x)  is  a function  of  n(x)(58): 


Ef(x)  = [-  9fe 2 ”(x)f3  +^—n(x) 

8 £0^me(x)  e(x)  me(x) 


(2-5) 


where  me(x),  the  effective  electron  mass,  is  0.22  in  GaN.  Combining  these  equations  it  is 
possible  to  compute  the  induced  electron  concentration  in  the  notch  potential  close  to  the 
AlGaN/GaN  interface.  From  the  equations,  calculated  sheet  carrier  concentrations  of 
2DEG  in  AlGaN/GaN  structure  is  shown  in  Figure  2-8.  Sheet  electron  concentration  of 
1013cm"2  can  readily  obtained  in  these  structures.  One  thing  to  be  noticed  is  that  there  is 
no  doping  layer  in  the  structure,  the  carrier  accumulation  in  the  2DEG  is  mainly  as  a 
result  of  macroscopic  polarization  field.  Capacitance- Voltage  carrier  concentration 
profile  measurements  may  be  used  to  measure  the  carrier  profiles  and  to  verify  the 
presence  of  a 2DEG  as  shown  in  Figure  2-9. 
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Alloy  composition  x 


Figure  2-8.  Calculated  sheet  carrier  concentrations  of  the  2DEG  confined  at  a Ga-face  or 
N-face  interface  for  different  thickness  of  the  AlGaN  barrier  and  different  composition  X. 
The  inset  shows  the  maximum  sheet  carrier  concentration  of  the  same  pseudomorphically 
grown  Ga-face  AlGaN/GaN  and  N-face  GaN/AlGaN  heterostructures*  . 
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xN/GaN  heterostructures  grown  by  plasma  induced  MBE  with  Al-contents  of  the  barrier 
between  x=  0. 1 7 and  0.26  measured  by  the  C-  V profiling  technique.  The  insert  shows  Nc. 
v vs.  depth  on  a logarithmic  scale  for  a heterostructure  with  an  alloy  composition  of 
x"0.2.  The  2DEG  is  located  at  the  upper  GaN/AlGaN  interface(58). 


2.3.3  Electron  Mobilities  in  AlGaN/GaN  heteroi unction  2DEG 

Two  key  factors  for  achieving  a good  channel  conductance  of  HFET  devices  are  a 
high  sheet  electron  concentration  and  a high  electron  mobility.  Several  different 
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scattering  mechanisms  are  related  to  electron  mobility  in  AlGaN/GaN  material  system. 
Ideally,  the  electron  mobility  is  only  a function  of  optical  phonon  scattering  at  room 
temperature.  However,  in  practical  case,  with  the  presence  of  varied  defects  inside  the 
material,  it  limits  the  mobility  even  at  room  temperature. 

The  various  mechanisms  which  limit  the  electron  mobility  in  an  AlGaN/GaN 
Heterojunction  structure  can  be  summarised  as  follows  in  terms  of  the  different  scattering 
times  t,  for  electron  scattering*28': 


where  xph  denotes  scattering  with  phonons,  which  includes  several  mechanisms: 
deformation  potential  and  piezoelectric  scattering  with  acoustic  phonons,  and  polar 
optical  phonon  scattering.  ximp  is  the  Coulomb  scattering  with  impurities,  i.e.  dopants  and 
other  charged  defects,  xaiioy-  denotes  the  scattering  with  alloy  potential  fluctuations  at  the 
interface,  xint  represents  the  influence  of  the  roughness  of  the  interface,  and  finally  a 
separate  process  xdlsi  is  the  dislocation  scattering,  which  may  need  to  be  considered,  since 
in  most  structures  produced  so  far  dislocation  densities  are  high.  The  electron  mobility  in 
an  AlxGai-xN/GaN  HFET  was  shown  in  Figure  2-8(61).  At  the  room  temperature, 
mobility  is  dominant  by  optical  phonon  scattering*65, 63),  while  at  lower  temperatures 
several  scattering  mechanisms  will  contribute.  To  date  the  best  electron  mobility  at  room 
temperature  is  just  above  2000  cm2/V-s(64).  A limiting  low  temperature  mobility  as  high 
as  1 0 cm  /V  s is  predicted  for  low  impurity  and  defect  concentrations  as  shown  in  Figure 
2-10(61).  The  highest  low  temperature  mobility  reported  is  50000  cm2/V-s(65),  implying 
the  immaturity  of  the  quality  of  materials  from  the  modem  growth  technology. 


(2-6) 
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Figure  2-10.  Temperature  dependence  of  the  mobility  in  an  Alo.15Gao.85N/GaN 
modulation  doped  heterostructure.  All  curves  are  calculated  mobilities.  The  2DEG 
density  for  this  case  is  6.2x1 0Hcm‘2  and  the  concentration  of  residual  ionized  impurities 
in  the  GaN  is  lxl014cm'3  (61). 


It  is  also  know  that  threading  dislocations  in  Ill-nitride  structures  are  generally 
electrically  active(66),  and  will  behave  as  a charge  in  the  active  region  of  an  AlGaN/GaN 
heterostructure.  It  has  been  demonstrated  for  GaN  films  that  the  dislocation  density 
correlates  with  a low  mobility  in  samples  which  are  not  too  highly  doped(67).  In  Fig.  2-1 1 
the  experimental  data  for  MBE  grown  GaN  layers,  demonstrating  this  dependence  is 
shown168, 69).  A charged  dislocation  line  will  be  an  efficient  electron  scatterer,  and  will 
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reduce  the  mobility  of  a 2DEG  if  the  dislocation  density  is  sufficiently  high.  It  has 

O T 

recently  been  estimated  that  a dislocation  density  below  1 0 cm'  is  needed  in  order  to 
minimize  the  influence  of  dislocations  on  the  room  temperature  electron  mobility  in  these 
structures167’ 69).  In  addition  these  dislocations  will  trap  carriers  from  the  2DEG  into  deep 
states  in  the  bandgap,  lowering  the  2DEG  density  in  a device  structure,  which  is  another 
undesired  consequence  of  these  defects. 
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Fig.  2-11.  Calculated  and  measured  2DEG  mobility  vs  sheet  carrier  concentration  for  a 
collection  of  samples  with  different  AlGaN/GaN  interface  roughness(58). 

2.3.3  Current  Collapse 

Based  on  the  unique  properties  of  AlGaN/GaN  HFET  structures  such  as  high 
2DEG  carrier  density,  high  electron  mobility,  AlGaN/GaN  based  structure  can  operate 
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under  high  current  driving  condition.  In  addition,  due  to  higher  bandgap  energy,  the 
forward  operation  region  is  at  least  an  order  of  magnitude  higher  than  compared  to  that  of 
than  Si  and  other  compound  semiconductor  like  GaAs  or  InP.  Summarization  of  these 
two  advantages  gives  AlGaN/GaN  based  HFET  the  capability  to  deliver  high  power 
throughout  and  it  was  widely  employed  for  power  amplifier  application  in  wireless 
telecommunication  and  high  power  plant  business,  especially  focusing  on  X band  (8- 
12GHz)  and  Ku  band  (12-1 8GHz)  high  frequency  band  application(70). 

Under  these  high  power  operation  conditions,  thermal  dissipation  becomes  an 
issue  to  be  aware  of,  otherwise,  the  increase  of  substrate  temperature  causing  an 
unexpected  decrease  in  electron  mobility  in  2DEG.  In  consequence,  a severe  degradation 
in  drain-source  current  at  forward  gate  voltage  near  knee  voltage  and  a positive  slop  of 
Ids  as  a function  of  Vds  is  observed.  This  degradation  in  Ids  is  recoverable  as  substrate 
temperature  cools  down.  Several  different  solutions  are  proposed  to  solve  this  thermal 
degradation  problem.  By  choosing  high  heat  conductivity  substrate  such  as  SiC  instead  of 
sapphire,  so  generated  heat  can  be  effectively  conducted  away  from  active  region  of  the 
devices.  Besides,  lapping  the  backside  of  substrate  and  flip-chip  mounted  to  a large 
volume  carrier  can  also  mitigate  the  thermal  problem  effectively. 

However,  one  of  the  vital  disadvantage  hampers  the  use  of  GaN  HEMT  is  the 
unstable  surface  traps  on  the  top  of  HEMT  structures.  Since  the  2DEG  is  mainly  resulted 
from  spontaneous  polarization  and  piezoelectric  field,  any  negative  charged  surface  states 
such  as  dangling  bonds  or  point  defects  will  compensate  any  polarization  charges  on  the 
surface  and  result  in  a decrease  in  2DEG  electron  density(71>.  This  surface  states  play  a 
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role  in  GaN  HEMT  dc/rf  output  performance  by  acting  as  a virtual  gate<56)  as  shown  in 
Figure  2-12. 


Virtual  Gate 


1 »~n 


Extended  depletion  region 


(a)  (b) 

Figure  2-12.  Model  of  the  device  showing  the  location  of  the  virtual  gate  and  schematic 
representation  of  the  device  including  the  virtual  gate(72). 


The  presence  of  virtual  gate  deteriorates  the  drain-source  current  under  the 
same  bias  condition  as  well  as  output  power  due  to  the  large  time  constant  of  surface 
traps.  Therefore,  the  drain-source  current  can  not  follow  ac  signal  applied  to  gate 
terminal.  These  surface  states  are  revealed  themselves  under  pulsed  bias  condition  such 
as  gate-lag  or  drain-lag(73'76).  The  setup  of  gate  lag  and  drain  lag  measurement  are  shown 
in  Figure  2-13.  In  the  gate  lag  setup  as  shown  in  Figure  2-13  (left),  the  pulse  bias  source 
is  connected  to  the  gate  electrode  and  keeps  the  drain  electrode  biased  with  dc  bias 
source.  In  the  drain  lag  setup,  the  dc  and  pulse  bias  source  are  switched  as  shown  in  right 
of  Figure  2-13. 
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Figure  2-13.  The  equipment  setup  of  gate  lag  (left)  and  drain  (right)  measurement. 

It  has  been  found  that  the  gate  lag  measurement  is  more  related  to  the  surface 
states  on  the  surface  in  the  high  electric  field  between  gate  and  drain.  The  pulse 
frequency  is  higher  than  the  time  constant  of  surface  traps,  therefore,  at  the  slow  pulse 
frequency  region,  the  pulsed  drain-source  current  can  follow  ac  gate  signal  and  conduct 
better  match  with  dc  IV  characteristics.  In  Figure  2-14,  the  pulsed  Ids  is  obvious  found 
out  as  a function  of  pulse  frequency.  The  higher  the  pulse  frequency,  the  lower  the  pulsed 
Ids-  Besides,  the  pulsed  Ids  also  changes  corresponding  to  different  substrates.  A less 
bulk  defect  density  is  expected  for  epilayer  grown  on  SiC  substrate  than  sapphire 
substrate.  In  Figure  2-15,  pulsed  IDs  on  a SiC  substrate  is  superior  to  that  on  a sapphire 
substrate.  In  addition,  shorter  the  gate  will  experience  higher  electric  field  and  cause  a 
higher  negatively  charges  density  accumulated. 


Normalized  IDS  (%)  g 3 Normalized  IDS  (%) 
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2-14.  Comparison  of  pulsed  Ids  and  dc  Ids-  Pulsed  Ids  as  a function  of  pulse 
icy  due  to  slow  surface  states. 


Figure  2-15.  Gate  lag  measurement  as  functions  of  gate  length  as  well  as  substrates. 
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In  order  to  solve  this  current  collapse  problem,  PECVD  deposited  SiNx  is 
widely  used(77).  After  successfully  passivating  surface  traps,  the  output  power 
performance  is  increase  dramatically  as  shown  in  Figure  2-1 6(76). 


Figure  2-16.  Pulsed  power  output  dependence  on  drain-source  voltage.  The  results  are 
obtained  on  devices  from  three  different  wafers(76). 

Although  the  IDs  is  independent  of  ac  frequency  of  gate  signal  after  silicon 
nitride  passivation,  there  are  still  several  issues  need  to  be  concerned.  One  of  the  issues  is 
the  reduction  in  three  terminal  breakdown  voltage.  Three  terminal  breakdown  voltage  is 
defined  as  the  forward  operation  region  in  which  power  amplifier  can  operate  without 
severe  gate  leakage  current  occur.  A gate  leakage  current  is  usually  observed  after  silicon 
nitride  deposition.  Several  hypotheses  are  proposed  to  explain  this  phenomenon  such  as 
creating  leakage  passes  in  the  SiNx  film.  Another  possible  reason  is  because  the 
breakdown  voltage  is  smaller  if  only  a thin  layer  of  SiNx  put  down  on  the  surface(77). 
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Karmalkar,  S.  et.  al.(78)  effectively  increase  the  forward  breakdown  voltage  by  adding  a 
field  plate  between  gate  and  drain  as  shown  in  Figure  2-17,  which  can  moderate  the 
electric  field  at  the  edge  of  gate  contact(Figure  2-18). 
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Figure  2-17.  FP-HEMT  structure;  the  particular  dimensions  and  doping  values  employed 
for  simulation  in  this  paper  are  also  shown.  Although  not  shown  here,  a 0.3pm-thick 
dielectric  medium  above  the  field  plate  is  used  in  all  our  simulations(78). 
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Figure  2-18.  Simulated  distribution  of  the  electric  field  along  the  2-DEG,  directed  from 
drain  to  source,  without  and  with  a FP  (t  = 0.3  pm  silicon  nitride,  1 = 2 pm);  n = 1 x 1013 
/cm2  and  Vd,  Vg  = 123,  -2.8  V.  The  device  without  FP  is  on  the  verge  of  breakdown(78). 


CHAPTER  3 

III-V  COMPOUND  SEMICONDUCTOR  DEVICES  FABRICATION 
3.1  p-Ohmic  Contact  Study  for  Intra-Cavity  Contacts  in  AlGaAs/GaAs  Vertical- 
Cavity  Surface-Emitting  Lasers 

The  effects  of  metallization  and  annealing  temperatures  on  p-ohmic  contacts  for 
850nm  AlGaAs/GaAs  vertical-cavity  surface-emitting  laser  were  investigated.  Different 
metallization  containing  AuBe,  Pt,  Pd,  Ti,  Ag,  and  Au  were  used.  The  AuBe/Au  and 
Pd/AuBe/Pt/Au  based  metallizations  showed  the  lowest  specific  contact  resistances.  For 
an  annealing  temperature  of  400°C,  specific  contact  resistances  of  these  metal  schemes 
reached  4 x 1 O'6  Q-cm2.  The  thermal  stability  of  the  contacts  was  also  investigated.  The 
contacts  did  not  display  degradation  for  temperatures  up  to  450°C 
3.1.1  Intordution 

Low  device  resistance  is  essential  for  high-speed  performance  in  vertical-cavity 
surface-emitting  lasers  (VCSELs)(79'83).  Intra-cavity  contacts  are  contacts  formed  to 
semiconductor  layers  inside  the  optical  cavity  of  the  VCSEL.  In  order  to  use  the 
dielectric  distributed  Bragg  reflectors,  intra-cavity  contacts  are  needed  inside  the  optical 
cavity  of  VCSEL.  Intra-cavity  contacts  have  been  demonstrated  for  very  low  contact 
resistance  in  high-speed  shallow-implanted  980  nm  VCSELs(84>.  For  these  devices, 
contacts  were  made  to  highly-doped  GaAs  layers.  For  the  case  of  850  nm  VCSEL,  the 
contact  has  to  be  formed  on  AlGaAs  layers  and  it  became  more  challenging.  The  AlxGai. 
xAs  materials  system  oxidizes  faster  than  GaAs  and  this  makes  the  preservation  of  an 
oxide-free  AlGaAs  surface  for  the  ohmic  contact  formation  much  more  difficult(85).This 
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task  becomes  even  more  complicated  for  ion-implanted,  index-guided  or  I VCSELs, 
when  ion-implantation  is  used  to  define  the  current  aperture(86).  Typically,  ion- 
implantation  is  performed  prior  to  contact  formation.  Implantation  is  through  the  p-ohmic 
contact  layer  and  places  the  peak  of  the  damage  within  the  cladding  layer  to  confine  the 
current  injection.  Although  the  peak  of  the  implant  profile  lies  about  1500  A into  the 
device  structure,  the  implant  profile  does  extend  to  the  surface  layers  for  the  p-ohmic 
metallization  formation  region.  Therefore  an  increase  of  p-contact  resistance  can  be 
expected  due  to  carrier  reduction  from  ion  implantation. 

In  this  work,  we  examined  effects  of  metallization,  annealing  temperature,  and 
different  semiconductor  contact  layers  for  forming  intra-cavity  p-ohmic  contacts  in  to 
AlGaAs  850  nm  VCSELs.  The  metallization  schemes  of  AuBe/Ag/Au,  AuBe/Pt/Au, 
Pd/Ti/Pt/Au,  AuBe/Au  and  Pd/ AuBe/Pt/Au  were  examined.  3.1.2  Experimental 

The  VCSEL  epitaxial  layers  were  grown  by  metal  organic  chemical  vapor 
deposition  (MOCVD)  on  semi-insulating  GaAs  substrates.  The  bottom  semiconductor 
DBR  mirror  consisted  of  30  pairs  of  AlAs/AlGaAs  quarter  wavelength  layers.  A p-i-n 
structure  was  employed  inside  the  device  cavity,  with  carbon  as  the  p-type  dopant  and 
silicon  as  the  n-type  dopant.  The  top  part  of  VCSEL  including  index  guide,  p+-ohmic 
contact  layers,  and  current  spreading  layer  is  shown  in  Figure  3-1. 

Both  as-grown  and  implanted  samples  were  used  in  the  study.  The  implant 
condition  employed  in  this  study  is  the  exact  implant  condition  used  in  our  standard  850 
nm  VCSEL  process(87).  Oxygen  was  used  as  implanted  ions.  The  typical  dose  and 
energy  are  1.5xl012cm'2  and  180keV,  respectively.  Prior  to  loading  the  samples  into  the 
metal  deposition  chamber,  the  undoped  InxGai.xP  and  AlyGai.yAs  layer  were  etched  in 
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HC1:H20  and  HaPOp^C^^O  wet  etch  solution,  respectively.  This  was  followed  by  a 
short  etch  in  NITtOHifTO  (1 :20)  for  1 minute  to  remove  native  oxides  on  the  carbon- 
doped  AlGaAs  contact  surface.  This  helps  to  ensure  uniform  contact  properties  upon 
subsequent  deposition  and  alloying  of  the  contacts.  InGaP  is  more  resistant  to  the 
oxidation  than  AlGaAs.  For  some  of  the  samples,  the  undoped  InGaP  was  not  etched  and 
the  ohmic  metallizations  were  directly  deposited  on  the  InGaP. 

Various  contact  metallization  schemes  were  studied  which  included  AuBe/Ag/Au, 
AuBe/Pt/Au,  Pd/Ti/Pt/Au,  AuBe/Au  and  Pd/AuBe/Pt/Au.  The  metals  were  deposited 
using  e-beam  evaporation  and  standard  lift-off  process.  A thin  layer  of  titanium  was 
deposited  on  the  top  of  Au,  when  AuBe  was  used  in  the  metallization  scheme.  This  Ti 
layer  was  etched  off  in  BOE  prior  to  the  metal  lift-off.  This  step  was  used  to  remove  any 
Be  that  has  segregated  on  the  surface  of  the  metal  stack  during  metal  deposition.  Any  Be 
left  on  the  surface  can  form  BeOx  that  will  create  higher  resistance  contacts(88).  After  the 
metal  lift-off,  the  metallized  samples  were  then  annealed  in  a N2  ambient  at  temperatures 
of  300~450°C  for  30  sec  in  a rapid  thermal  annealing  (RTA)  system. 

The  transmission  line  method  (TLM)  was  employed  to  estimate  the  contact 
resistance(Rc),  sheet  resistance(ps),  and  specific  contact  resistance(pc).  The  TLM 
patterns  were  formed  and  patterned  along  with  the  contacts.  The  pad  spacings  were  2,  4, 
8,  16  and  32  pm,  with  the  pads  dimension  of  100x100  pm2.  The  TLM  measurementswere 
conducted  with  an  HP  4145B  parameter  analyzer. 

3.1.3  Results  and  Discussion 

As  illustrated  in  Figure  3-1,  the  p++-highly  doped  (~1020  cm'3)  AlyGai.yAs  ohmic 
contact  layer  is  below  an  undoped  AlyGai.yAs  index  guide,  an  undoped  InGaP  etch  stop 
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and  a p+-AlyGai.yAs  optical  spacer  layer.  The  index  guide  layer  is  to  improve  the  optical 
gain  and  the  etch  stop  layer  is  used  for  the  selective  removal  of  the  index  guide  outside 
the  aperture  region.  This  optical  spacing  layer  is  to  place  the  p++-AlyGai.yAs  ohmic 
contact  layer  at  the  nodes  of  the  optical  cavity  standing  wave  to  minimize  free  carrier 
absorption  in  the  p++-AlyGai.yAs  layer.  In  order  to  obtain  the  low  contact  resistance,  all 
these  three  top  layers  should  be  etched  off  prior  to  the  ohmic  metal  deposition.  The  first 
two  layer  can  be  easily  etched  off  with  selectively  wet  chemical  solution(89).  However, 
the  p+  spacer  and  p++  ohmic  contact  layer  have  the  same  composition.  Therefore,  it  is 
impossible  to  etch  off  the  p+-AlyGai_yAs  spacing  layer  and  stop  right  on  the  p++-AlyGai. 
yAs  ohmic  contact  layer  reproducibly.  Thus  an  alloyed  ohmic  metallization  is  required  to 
diffuse  through  the  p+-AlyGai.yAs  spacing  layer  and  form  an  ohmic  contact  on  p++- 
AlyGaj.yAs.  Be  is  a p-dopant  for  GaAs  and  AuBe  based  metallizations  can  achieve  this 
goal. 


-300  A 

undoped  ~Alo.2Gao.8As 

-300  A 

undoped  InxGai_xP 

-300  A 

P —Alo.2Gao.8As 

-300  A 

P —Alo.2Gao.8As 

-1000  A 

P —Alo.2Gao.8As 

-300  A 

P —Alo.2Gao.8As 

Figure  3-1.  The  first  six  layers  on  the  top  of  VCSEL. 

To  form  good  p-ohmic  contact,  not  only  do  we  have  to  consider  the  effect  of 

index  guide,  etch  stop,  and  optical  spacer  layer  on  p++-AlyGai.yAs  but  also  the  layer 

beneath  it.  A key  feature  in  the  lateral  current  injection  VCSEL  design  is  the  use  of  low 
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doped  p-AlyGai.yAs  layers  to  sandwich  another  thin  highly  doped  p++-AlyGai.yAs  layer 
for  current  spreading.  This  current  spreading  layer  is  directly  under  the  p++-AlyGai.yAs 
ohmic  contact  layer.  The  purpose  here  is  to  allow  the  current  to  spread  uniformly  across 
the  current  aperture  since  the  central  low-doped  layer  provides  some  resistance  in  the 
vertical  direction.  Without  this  type  of  structure  the  current  would  flow  along  the 
periphery  of  the  aperture,  resulting  in  poor  efficiency  and  preferential  pumping  of  higher 
order  modes.  This  current  spreading  layer  is  right  under  the  p++-AlyGai.yAs  ohmic  contact 
layer.  Therefore  it  is  very  important  to  control  the  diffusion  depth  of  AuBe  to  stop  right 
at  the  p++-AlyGai.yAs  ohmic  contact  layer  and  avoid  penetration  into  the  p-AlyGai.yAs 
current  spreading  layer.  This  can  be  achieved  by  optimizing  the  ohmic  metallization, 
ohmic  contact  annealing  temperature  and  time. 

Different  combinations  of  AuBe(90>,  Au,  Pt(91),  Ag,  Ti,  and  Pd(92’93)  were  used  in 
our  studies.  AuBe  was  used  for  the  ohmic  formation.  Be  served  as  p-dopant  and  diffused 
into  AlGaAs  through  annealing.  Au  was  utilized  as  the  top  contact  layer  to  reduce  the 
metal  resistance.  Pt  and  Ag  were  employed  as  the  diffusion  barrier.  Without  this  Pt  or 
Ag  layer,  the  top  Au  contact  layer  can  form  deep  Au  spikes  (around  300  to  400  nm)  in 
the  semiconductor  and  these  spikes  behave  as  mini-Schottky  contacts(88, 94).  Auger  depth 
profiles  of  as  deposited  and  annealed  Ti/Pt/Au  and  AuBe/Ag/Au  samples  (annealed  at 
400°C  for  30  sec)  are  illustrated  in  Figure  3-2  and  3-3,  respectively.  There  was  no  metal 
inter-mixing  at  all  when  Pt  was  used  as  diffusion  barrier,  however,  there  was  slight 
interaction  among  Au/Ag/AuBe.  However,  there  was  no  obvious  Au  penetration  into  the 
semiconductor.  Figure  3-4  shows  the  TEM  of  annealed  AuBe/Au  metal  contact.  In  this 
case,  there  was  no  diffusion  barrier  employed  and  deep  Au  spikes  were  clearly  observed. 
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Pd  is  typically  used  as  a wetting  agent  to  dissolve  native  oxides  on  the  semiconductor 
surface.  Ti  was  used  for  adhesion  in  Ti/Pt/Au  metallization  and  top  Be  removal  layer  for 
the  other  metallizations. 


Figure  3-2.  Auger  depth  profiles  of  as-deposited  and  annealed  Ti/Pt/Au  samples 
(annealed  at  400°C  for  30  sec). 


PEAK- TO -PEAK 
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Figure  3-3.  Auger  depth  profiles  of  as-deposited  and  annealed  AuBe/Ag/Au  samples 
(annealed  at  400°C  for  30  sec). 
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Figure  3-4.  TEM  of  annealed  AuBe/Au  metal  contact. 


The  as-deposited  contacts  of  all  the  metallizations  have  Schottky  characteristics 
and  some  of  them  showed  ohmic  behavior  after  annealing  to  300~350°C.  Once  the 
annealing  temperature  was  increased  to  400°C,  the  specific  contact  resistances  greatly 
improved  to  10'5~10"6  Q-cm2,  as  shown  in  Figure  3-5.  For  anneal  temperature  reaching 
450  °C,  the  specific  contact  resistivity  slightly  reduced  further,  as  shown  in  Table  3-1. 

In  general,  the  contact  resistances  are  higher  for  the  implanted  samples  due  to  the 
ion  bombardment  damage  introduced  to  the  p++  contact  layer  during  the  aperture 
definition  implantation.  Table  3-1  also  contains  the  information  on  the  effects  of  Pd  and 
contacts  directly  deposited  on  InGaP  instead  of  AlGaAs  on  the  specific  contact 
resistivity.  As  mentioned  previously,  Pd  is  used  as  a wetting  agent  to  dissolve  native 
oxides  on  the  semiconductor  surface  and  allow  AuBe  to  diffuse  into  the  p++-AlyGai.yAs 
forming  low  resistant  contacts.  The  as-deposited  and  annealed  samples  at  350  °C  showed 
ohmic  characteristics.  The  metallization  consisting  of  Pd  and  AuBe  as  the  first  two 
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layers  showed  the  lowest  specific  contact  resistivity.  The  samples  with  contact  metal 
deposited 


Figure  3-5.  Specific  contact  resistance  of  contact  with  varied  AuBe  thickness  as  a 
function  of  anneal  temperature 


Composition 

350°C 

400°C 

450°C 

AuBe/Ag/Au/Ti  * 

No  implant 

Schottky 

10.8 

8.0 

400/300/800/200 

Implant 

Schottky 

7.4 

14.7 

AuBe/Pt/Au/Ti  * 

No  implant 

Schottky 

50.3 

13.4 

400/300/800/200 

Implant 

Schottky 

55.8 

22.2 

Pd/Ti/Pt/Au  * 

No  implant 

Schottky 

33.2 

9.9 

50/200/300/800 

Implant 

Schottky 

112 

10.7 

AuBe/Au/Ti  * 

No  implant 

87.4 

5.2 

6.5 

400/800/200 

Implant 

Schottky 

7.5 

13.5 

Pd/ AuBe/Pt/Au/Ti  * 

No  implant 

10.2 

4.2 

5.6 

50/400/300/800/200 

Implant 

580 

6.1 

4.1 

AuBe/Au/Ti  # 

No  implant 

46 

4.4 

5.0 

400/800/200 

'T'Uz-k  — : 

Implant 

Schottky 

i 2 

9.7 

4.4 

The  specific  contact  resistance  is  in  the  scale  of  10"6  Q-cm2. 
*:  Contacts  were  on  top  of  p-AlGaAs. 

#:  Contacts  were  on  top  of  InGaP. 


Table  3-1.  Specific  contact  resistance  of  different  metallic  compositions  at  varied 
annealing  temperature. 
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directly  on  the  InGaP  also  showed  lower  resistance  as  compared  to  that  on  p-AlGaAs. 
Semiconductor  surface  native  oxides  hinder  the  ohmic  formation  between  the  contact 
metal  and  semiconductor.  Since,  InGaP  is  more  resistant  to  oxidation  than  AlGaAs,  the 
lower  contact  resistance  should  be  expected  with  the  samples  having  metal  directly  on  the 
InGaP  layer. 

The  effect  of  AuBe  thickness  on  specific  contact  resistivity  was  also  studied  and 
is  shown  in  Figure  3-6.  The  optimal  thickness  of  AuBe  is  around  200  - 400  A.  100  A 
AuBe  was  not  enough  to  penetrate  through  the  p+-AlyGai.yAs  optical  space  layer  to  the 
p++-AlyGai.yAs  layer.  800  A AuBe  was  too  much  and  AuBe  reached  the  low  doped  p- 
AlyGai.yAs  current  spreading  layer  and  destroyed  the  current  spreading. 


Figure  3-6.  Specific  contact  resistance  of  contact  with  and  without  oxygen  implantation 
as  a function  of  AuBe  Thickness. 


Various  p-ohmic  contact  metallizations  were  investigated  in  our  study.  By 
evaluating  specific  contact  resistance  and  contact  resistance,  Pd/AuBe/Pt/Au/Ti  based 
metallization  had  better  results  than  other  combinations.  The  effect  of  AuBe  thickness 
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and  annealling  temperature  were  also  investigated  and  the  optimal  metal  thickness  and 
annealing  temperature  are  200-300  A AuBe  and  400  °C,  respectively. 

3.2  High  Breakdown  M-I-M  Structures  on  Bulk  AIN 

The  breakdown  characteristics  of  metal -AlN-metal  structures  are  reported  as  a 
function  of  contact  diameter.  The  bulk  AIN  was  grown  by  a HVPE  method,  resulting  in  a 
resistivity  of  10  Qcm.  Front-side  contact  diameters  of  175-600pm  were  fabricated, 
displaying  breakdown  voltages  up  to  -6300V  at  25°C.  Breakdown  appeared  to  initiate  at 
internal  surfaces  related  to  grain  boundaries  or  cracks  in  the  material.  The  results 
indicate  the  great  promise  of  the  Al(Ga)N  system  for  high  power  rectifiers. 

3.2.1  Introduction 

There  is  a strong  interest  in  developing  wide  bandgap  power  devices  for  use  in  the 
electric  power  industry(95'98).  As  this  industry  continues  to  be  de-regulated,  there  are 
increasing  numbers  of  transactions  on  the  power  grid  in  the  US.  A major  problem  in  the 
current  grid  is  momentary  voltage  sags,  which  affect  motor  drives,  computers  and  digital 
controls.  A system  for  eliminating  power  sags  and  switching  transients  would 
dramatically  improve  power  quality.  Some  desirable  attributes  of  next  generation, 
widegap  power  electronics  include  the  ability  to  withstand  current  in  excess  of  5kA  and 
voltages  in  excess  of  25kV,  provide  rapid  switching,  maintain  good  thermal  stability 
while  operating  at  temperature  above  250°C  without  bulky  heat-dissipating  systems.  In 
particular,  the  absence  of  Si  devices  capable  of  application  to  13.8kV  distribution  lines  (a 
common  primary  distribution  mode)  opens  a major  opportunity  for  widegap  electronics. 
The  AlGaN  materials  system  is  attractive  from  the  viewpoint  of  fabricating  unipolar 
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power  devices  such  as  rectifiers  because  of  its  large  bandgap  and  relatively  high  electron 
mobility.  A number  of  groups  have  reported  excellent  high  breakdown  performance 
from  both  lateral  and  vertical  geometry  GaN  and  AlGaN  Schottky  and  p-i-n  rectifiers, 
both  for  epilayers  grown  on  sapphire  substrates  and  for  free-standing  GaN  quasi- 
substrates(98'107).  While  lateral  rectifiers  on  epi  AlGaN  have  shown  reverse  breakdown 
voltages  up  to  9.7kV<l05),  the  maximum  breakdown  in  free-standing  GaN  is  ~700V(I07). 

In  this  letter,  we  report  on  the  breakdown  characteristics  of  free-standing  AIN 
substrates.  This  data  gives  some  idea  of  the  voltage-handling  capability  of  the  nitride 
materials  system  at  the  extreme  of  bandgap  (i.e.  pure  AIN).  Since  this  material  is 
expected  to  be  insulating  we  fabricated  metal-insulator-metal  structures  rather  than  true 
rectifiers. 

3.2.2  Experiment 

The  bulk  AIN  was  -200 pm  thick  and  was  grown  by  the  sublimation  method.  E- 
beam  deposited  full-area  back  contacts  of  Ti/Al/Pt/Au  were  placed  on  the  N-face,  while 
front-side  contacts  were  e-beam  deposited  Pt/Au  with  diameters  125-600pm.  No  edge 
termination  methods  were  employed  around  the  periphery  of  the  front-side  contacts.  The 
current-voltage  characteristics  were  recorded  at  25°C  using  a high-voltage  power  supply 
and  sensitive  ammeter. 

3.2.3  Result  and  Discussion 

Figure  1 shows  an  optical  micrograph  (top)  and  plan  view  transmission  electron 
micrograph  (bottom)  from  the  as-grown  AIN.  A network  of  crystalline  defects  and 
cracks  were  visible  in  the  material.  The  defect  density  was  ~107cm'2,  as  measured  by 


TEM. 
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Figure  3-7.  Optical  micrograph  of  AIN  surface  (top)  and  plan  view  TEM  (bottom). 


The  low  bias  current- voltage  (I-V)  characteristics  measured  on  225pm  diameter 
contact  samples  are  shown  in  Figure  3-8.  In  this  region  the  resistance  is  ~2xl010Q, 
corresponding  to  a resistivity  of  ~1014Qcm  assuming  the  sample  is  fully  depleted.  This 
confirms  the  insulator  nature  of  the  AIN,  negating  the  possibility  of  passing  current 
through  the  material  in  the  forward-bias  direction. 

Figure  3-9  shows  reverse  I-V  characteristics  from  samples  with  two  different 
contact  diameters.  Note  the  very  high  breakdown  voltage.  We  can  estimate  the  critical 
electric  field  for  breakdown,  Ec,  from  the  relationship 


v = F W - 

v pT  L^c  yy  p 


qNWp 

2e„ 


where  WP  is  the  stand-off  region  thickness  (assumed  to  be  200pm),  N the  doping 
concentration  (assumed  to  be  <106cm‘3  for  an  insulator)  and  es  is  the  AIN  permittivity. 
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From  this  relation,  we  obtain  Ec  ~3.3xl 05  V/cm.  This  is  clearly  dominated  by 
breakdown  at  internal  surfaces  and  therefore  the  effective  stand-off  region  thickness  is 
much  less  than  the  sample  thickness  and  the  intrinsic  Ec  of  AIN  is  much  larger  than  the 
value  found  in  our  samples. 


Voltage  (V) 

Figure  3-8. 1-V  characteristics  at  low  bias. 


Voltage  (V) 


Figure  3-9.  Reverse  I-V  characteristics  from  samples  with  different  front-side  contact 
diameters. 
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Figure  3-10  shows  the  I-V  characteristics  in  both  the  forward  and  reverse 
directions.  As  expected  there  is  no  rectification  and  the  sample  behaves  as  back-to-back 
diodes.  Figure  3-11  shows  the  reverse  breakdown  voltage  (defined  as  the  voltage  for  a 
current  density  of  0.01  A/cm  ) as  a function  of  contact  area.  The  breakdown  voltage 
actually  increases  with  contact  size  before  decreasing  at  the  largest  size  investigated  here. 
This  is  a promising  sign  for  future  AlGaN  bulk  rectifiers  with  low  carrier  density.  The 
currently  available  GaN  bulk  rectifiers  have  relatively  high  background  carrier 
concentrations  and  defect  densities,  leading  to  low  breakdown  voltages* l08). 
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Figure  3-10.  I-V  characteristics  from  sample  with  225pm  diameter  front  contact. 
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Figure  3-11.  Reverse  breakdown  voltage  as  a function  of  front-side  contact  area. 


Finally,  Figure  3-12  shows  the  reverse  current  density  at  4200V  as  a function  of 
both  contact  diameter  (top)  and  area  (bottom).  Since  the  current  is  not  proportional  to 
either  the  contact  perimeter  (surface  currents)  or  the  area  (bulk  current),  we  confirm  the 
breakdown  is  dominated  by  the  internal  surfaces  in  the  material. 


Figure  3-12.  Reverse  current  density  at  4200V  as  a function  of  either  front-side  contact 
diameter  (top)  or  area  (bottom). 
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In  summary  M-I-M  structures  fabricated  on  bulk  AIN  show  the  excellent  potential 
of  the  Al(Ga)N  system  for  power  rectifiers. 

3.3  HYPE-GROWN  AlGaN/GaN  HEMTs 
High  quality  undoped  AlGaN/GaN  high  electron  mobility  transistors(HEMTs) 
structures  have  been  grown  by  Hydride  Vapor  Phase  Epitaxy  (HVPE).  The  morphology 
of  the  films  grown  on  AI2O3  substrates  is  excellent  with  root-mean-square  roughness  of 
~0.2nm  over  10x1  Opm  measurement  area.  Capacitance-voltage  measurements  show 
formation  of  dense  sheet  of  charge  at  the  AlGaN/GaN  interface.  HEMTs  with  1pm  gate 
length  fabricated  on  these  structures  show  transconductances  in  excess  of  1 1 0 mS/mm 
and  drain-source  current  above  0.6A/mm.  Gate  lag  measurements  show  similar  current 
collapse  characteristics  to  HEMTs  fabricated  in  MBE-  or  MOCVD  grown  material. 

3.3.1  Introduction 

Hydride  Vapor  Phase  Epitaxy  (HVPE)  was  one  of  the  first  growth  methods 
employed  for  GaN(l09)  and  has  been  successfully  used  for  growth  of  thick,  high-purity 
quasi-bulk  substrates0 10'125).  The  Ga  is  usually  transported  to  the  growth  surface  as  a 
volatile  chlorine  compound,  while  NH3  is  used  as  the  N-precursor.  The  use  of  carbon- 
free  precursors  is  a major  advantage  relative  to  other  chemical  vapor  deposition 
techniques,  although  at  the  stage  it  has  still  proven  challenging  to  grow  insulating  GaN 
by  HVPE.  It  is  generally  considered  that  O and  Si  are  not  responsible  for  the  after- 
observed  n-type  conductivity,  but  that  nitrogen  vacancies  may  play  a dominant  role(112). 
This  suggests  that  careful  control  of  the  growth  process  should  produce  high  purity 
device-quality  GaN. 
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In  this  paper  we  report  on  the  characteristics  of  AlGaN/GaN  high  electron 
mobility  transistors(HEMTs)  grown  by  HVPE  on  sapphire  substrates. 

3.3.2  Experiment 

The  HEMT  structure  consisted  of  a 2pm  undoped  GaN  layer  grown  on  sapphire, 
followed  by  30nm  of  Alo.22Gao.7gN.  All  of  the  layers  were  grown  by  HVPE  at  650°C,  as 
described  previously(l21).  The  HEMTs  were  fabricated  by  a 4 step  process  consisting  of 
dry  etch  mesa  isolation,  ohmic  metallization,  ohmic  anneal  and  gate  metallization  as 
described  in  detail  previously* 13 !).  In  brief,  the  mesa  that  was  performed  by  Ch/Ar 
Inductively  Coupled  Plasma  etching  at  lmTorr  with  300W  of  2MHz  source  power  and 
40W  of  rf(  13.56MHz)  chuck  power.  Ohmic  metallization  of  Ti/Al/Pt/Au  was  deposited 
by  e-beam  evaporation  and  patterned  by  lift-off.  A low  specific  contact  resistance  of  1 O'6 
Q-cm  was  achieved  after  850°C,  30sec  annealing.  Gate  contacts  (1x100pm  ) of  Ni/Au 
were  patterned  by  lift-off.  A schematic  of  the  completed  device  is  shown  in  Figure  3-13. 
The  dc  characteristics  were  measured  in  common-source  mode  with  an  HP  4145B 


parameter  analyzer. 
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Figure  3-13.  Schematic  of  Completed  HEMT. 

3.3.3  Results  and  Discussion 

Figure  3-14  shows  Atomic  Force  Microscope  (AFM)  scan  from  various  areas  of 
an  as-grown  HEMT  structure.  The  typical  best  root-mean-square  (RMS)  roughness 
measured  over  a lOxlOpm  area  was  ~0.22nm  as  shown  in  the  scan  at  right  whereas  the 
roughest  area  was  still  < lnm,  as  shown  in  the  scan  at  left.  There  is  a clear  demonstration 
that  HVPE  is  capable  of  growing  high  quality  ALGaN/GaN  heterostructures  with 
excellent  surface  morphology,  which  is  a necessary  condition  for  achieving  sharp 


heterointerfaces. 
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rms  = 0.713nm,  box  rms  = 0.647nm  rms  = 0.251nm,  box  rms  = 0.226nm 


Figure  3-14.  AFM  scans  from  30nm  Alo.22Gao.78N  / 2pm  undoped  GaN  grown  by 
HYPE  in  sapphire. 


To  give  an  example  of  the  ability  of  HVPE  to  form  a HEMT  structure,  Figure  3- 
15  shows  a typical  result  of  capacitance-voltage  (C-V)  measurements  performed  on- 
wafer  on  large-area  contact  pads.  The  data  is  shown  in  C'2  vs  V form  at  top  and  the 
resulting  carrier  concentration  as  a function  of  voltage  at  bottom.  There  is  a clear 
indication  of  the  presence  of  a dense  sheet  of  charge  at  the  AlGaN/GaN  heterointerface. 
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Figure  3-15.  C'2  vs  V and  resultant  N vs  V for  HVPE-grown  Alo.22Gao.78N/GaN  HEMT 

structure. 


The  carrier  concentration  measured  by  Hg-probe  C-V  measurements  at  lOKHz  on 
an  as-grown  calibration  sample  is  shown  in  Figure  3-16.  Once  again,  this  data  shows  a 
sheet  of  carriers  at  the  AlGaN/GaN  heterointerface  which  we  ascribe  to  a polarization- 
induced  two  dimensional  electron  gas,  just  as  is  observed  in  NBE  or  MOCVD  grown 
structures* 126). 
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Distance  (gm) 

Figure  3-16.  ND-NA  concentration  profile  measured  by  Hg  probe  at  lOKHz  for 
Alo.22Gao.78N/GaN  HEMT  structure  at  different  parts  on  the  wafer. 
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The  maximum  drain  current  density  was  > 0.6 A/mm  before  self-heating  effects 
caused  a decrease  in  the  output  current.  Characteristics  drain  I-V  characteristics  are 
shown  at  the  top  of  Figure  3-17.  The  devices  showed  excellent  pinch-off  behavior,  with 
maximum  transcondcutance  > lOOmS/mm  as  seen  in  the  transfer  characteristics  at  the 
bottom  of  the  figure.  From  a limited  set  of  data,  we  found  that  the  peak  of  the  extrinsic 
transconductance  curve  shifted  forwards  more  positive  gate  voltage  with  increasing  gate 
length  and  the  magnitude  of  gm  scaled  with  increase  gate  length.  The  performance  of  the 
HVPE  grown  HEMTs  in  clearly  very  promising  when  compared  with  MBE  or  MOCVD 
HEMTs  with  similar  gate  lengths. 


Figure  3-17.  Drain  I-V  characteristics  (top)  and  transfer  characteristics  (bottom)  from 
HVPE-grown,  lx  100pm2  HEMT. 


Gate  I-V  characteristics  are  shown  in  Figure  3-18.  Further  optimization  of  the 
layer  structure  and  growth  conditions  is  expected  to  produce  larger  reverse  breakdown 
voltages  and  these  initial  layer  designs  were  not  focused  in  power  applications.  Our 
experience  with  the  HVPE  growth  is  that  there  is  a relatively  broad  range  of  conditions 
that  produce  device-quality  material. 
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Gate  Voltage  (V) 

Figure  3-18.  Gate  I-V  characteristics  from  lx  100pm2  HVPE-grown  HEMT. 

One  of  the  existing  problems  with  AlGaN/GaN  HEMT  technology  is  the  so-called 
“current-collapse”  phenomenon  that  causes  at  high  drive  current.  This  is  caused  in  most 
cases  by  intrinsic  surface  traps  in  the  gate-drain  region  that  can  create  an  additional 
depletion  region  which  pinches  off  the  current  flow(76).  Figure  3-19  shows  a 40-50% 
decrease  in  drain-source  current  during  pulsing  of  the  gate  terminal  with  the  drain  biased 
at  a fixed  dc  voltage.  These  results  are  consistent  with  results  reported  for  MBE  and 
MOCVD  AlGaN/GaN  HEMTs,  indicating  that  the  HVPE  material  has  similar  surface 
properties(132).  The  current  collapse  problem  can  be  effectively  mitigated  by  use  of  high 
quality  passivating  dielectrics  and  oxides(132'134). 
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Figure  3-19.  Gate  lag  measurements  on  unpassivated  HVPE-grown  HEMT. 

The  HVPE  technique  is  shown  to  be  a very  promising  approach  for  growth  of 
AlGaN/GaN  HEMT  structures.  The  surface  morphology  is  excellent  after  growth  of 
layers  with  total  thicknesses  similar  those  employed  in  MBE  and  MOCVD  growth. 
Electrical  measurements  show  formation  of  an  abrupt  sheet  of  charge  at  the 
heterointerface.  HEMTs  fabricated  with  a standard  processing  sequence  display 
excellent  dc  characteristics  and  indicate  that  HVPE  is  an  attractive,  high  throughput,  low 
cost  approach  to  growth  of  nitride-based  devices. 
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CHAPTER  4 

PLASMA  DAMAGE  EFFECTS  ON  III-V  COMPOUND  SEMICONDUCTOR 
DEVICES 

4,1  Comparison  of  the  Effects  of  H?  AND  D?  Plasma  Exposure  on  AlGaAs/GaAs 

HEMTs 

The  dc  and  rf  performance  of  AlGaAs/GaAs  High  Electron  Mobility  Transistors 
were  measured  after  exposure  to  low  pressure  (5  mtorr)  Inductively  Coupled  Plasmas  of 
H2  or  D2  for  various  source  (1 00-400 W)  and  chuck  powers  (10-100W)  and  durations  (1-4 
min).  The  plasma  exposure  decreases  drain-source  current,  increases  gate  leakage  and 
increases  the  gate  ideality  factor,  even  at  very  low  plasma  powers  and  for  short  process 
durations.  A number  of  physical  and  chemical  effects  are  found  to  be  responsible  for  the 
observed  behavior,  including  preferential  loss  of  As  from  the  surface,  creation  of  deep 
trap  states  by  energetic  ion  bombardment  and  passivation  of  Si  donors  by  formation  of 
Si-H  or  Si-D  neutral  complexes. 

4.1,1  Introduction 

AlGaAs/GaAs  HEMTs  are  an  integral  part  of  many  monolithic  microwave 
integrated  circuits  used  in  wireless  communication  devices  such  as  hand-  held  phones. 
Plasma  processing  is  a key  to  the  ability  to  manufacture  HEMTs  with  high  yield.  A key 
etching  step  is  selective  removal  of  the  GaAs  cap  layer  to  expose  the  AlGaAs  donor  layer 
for  deposition  of  the  gate  metal(135).  This  can  be  achieved  with  very  high  selectivities 
using  low  power  plasmas  involving  a mixture  of  Cl2  and  F2  gases.  End-point  detection  is 
possible  using  optical  emission  spectroscopy  that  monitors  Ga-related  emission  lines.  It 
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is  also  necessary  to  provide  final  passivation  of  the  HEMT  surface,  which  is  typically 
achieved  by  low  power  plasma-enhanced  chemical  vapor  deposition  (PECVD)  of  SiNx. 
The  gaseous  precursors  in  this  case  are  SiH4/N2  or  SiH4/NH3.  It  is  important  to 
understand  the  effect  of  the  hydrogen  in  these  plasmas  on  the  dc  and  rf  performance  of 
the  completed  HEMTs.  For  example,  there  are  at  least  three  possible  effects  that  the 
hydrogen  could  have: 

(i)  creation  of  deep  trap  states  by  the  impingement  of  energetic  H2+  or  H+  ions  on 
the  semiconductor  surface.  The  displacement  energy  of  the  atoms  in  compound 
semiconductors  is  roughly  25eV,  while  the  average  energy  of  the  incident  ions  may  be 
three  or  four  times  higher(136'171). 

(ii)  preferential  loss  of  As  from  the  surface  by  chemical  reaction  with  atomic 
hydrogen,  i.e. 

GaAs  + 3H  -»  AsH3  + Ga  (4-1) 

(iii)  passivation  of  Si  donors  in  the  AlGaAs  through  formation  of  neutral  donor- 
hydrogen  complexes,  i.e. 

Si+  + HT  ->  (Si-H)°  (4-2) 

where  the  atomic  hydrogen  is  in  a negative  charge  state  in  n-type  material070. 

In  this  paper,  we  compare  the  effects  of  low  power  Inductively  Coupled  Plasmas 
of  H2  and  D2  on  the  dc  and  rf  performance  of  0.25pm  gate  length  unpassivated 
AlGaAs/GaAs  HEMTs0  44, 135, 172, 173).  Even  plasma  exposures  at  low  ion  energies  and 
fluxes  can  degrade  the  device  performance.  It  should  be  noted  we  are  in  a worst-case 
scenario  because  there  is  no  actual  SiNx  deposition  occurring  that  would  cover  up  the 
semiconductor  surface  and  prevent  further  hydrogen-induced  degradation. 
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4. 1 .2  Experimental 

The  HEMTs  were  grown  on  semi-insulating  GaAs  substrate  by  solid-source 
Molecular  Beam  Epitaxy.  After  growth  of  a 1 pm  thick  undoped  superlattice  buffer,  the 
structure  consisted  of  0.5pm  undoped  GaAs,  300A  n+-Al0.25Gao.75As  and  410  A of  n+- 
GaAs.  Conventional  optical  lithography  was  used  to  pattern  Ti/Pt/Au  gate  metal  and 
Au/Ge/Ni/Au  ohmic  metal.  The  gate  recess  was  formed  by  selective  wet  etching  in  order 
to  avoid  possible  dry  etch  damage  effects.  The  devices  were  exposed  to  H2  or  D2 ICP 
discharges  for  1-4  minutes  at  various  rf  chuck  powers  (10-100W  at  13.56MHz)  and 
source  powers  (1 00-400 W at  2MHz).  Testing  was  performed  with  an  HP  4 145 A 
parameter  analyzer  for  dc  measurements  and  an  HP  8722C  high  frequency  network 
system. 

4.1.3  Results  and  Discussion 
(aide  performance 

Figure  4-1  shows  typical  drain-source  current- voltage  (I-V)  characteristics  before 
and  after  a 1 min  exposure  of  the  HEMTs  to  either  a H2  (left)  or  D2  (right)  plasma.  Note 
that  in  both  cases  there  is  suppression  of  the  drain-source  current,  with  the  reduction 
being  greater  in  the  case  of  D2  plasmas.  These  results  are  consistent  with  a reduction  in 
carrier  concentration  in  the  device  channel,  either  through  dopant  passivation  or  creation 
of  deep  trap  states  by  ion  bombardment. 

This  reduction  in  carrier  concentration  is  also  reflected  in  a general  increase  in 
reverse  breakdown  voltage  of  the  HEMTs,  shown  in  Figure  4-2  for  both  H2  (left)  and  D2 
(right)  plasma  exposure.  In  this  data,  we  have  held  the  rf  chuck  power  constant  at  10W 
while  varying  the  source  power,  and  also  held  the  source  power  constant  at  1 00W  while 
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varying  the  rf  chuck  power.  Depending  on  the  plasma,  there  may  be  a decrease  in 
breakdown  voltage  at  either  the  highest  source  or  chuck  power.  This  may  result  from 
surface-induced  breakdown  due  to  the  creation  of  damaged  or  As-deficient  near-surfaces. 
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Figure  4-1.  IDs-VDs  characteristics  before  and  after  exposure  to  H2  (left)  or  D2  (right) 
plasmas  for  1 min  at  100W  source  power  and  20 W rf  chuck  power. 
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Figure  4-2.  Variation  of  reverse  breakdown  voltage  with  both  ICP  source  power  and  rf 
chuck  power  during  H2  (left)  or  D2  (right)  plasma  exposures  for  lmin. 


The  plasma  exposures  also  produce  an  increase  in  low  bias  gate  current,  as  shown 
in  the  forward  I-V  characteristics  of  Figure  4-3  for  H2  plasmas  at  different  rf  chuck 
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powers  (left)  and  D2  plasmas  at  different  source  powers  (right).  These  results  show  that 
both  ion  energy  and  ion  flux  play  a role  in  the  change  in  I-V  characteristics,  since  the 
power  is  mainly  controlled  by  the  rf  chuck  power  and  the  latter  is  mainly  a function  of 
source  power.  The  increased  gate  leakage  could  be  a result  of  creation  of  defect  states 
around  the  periphery  of  the  gate  contact.  These  defect  states  would  need  to  be 
recombination  centers,  i.e.  have  a comparable  capture  cross-section  for  both  electrons  and 
holes.  We  rule  out  a change  in  barrier  height  for  the  gate  contact  as  the  reason  for  the 
increased  gate  leakage  because  the  metal-semiconductor  interface  is  protected  by  the 
thick  metal  stack. 
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Figure  4-3.  Ig~Vq  characteristics  before  and  after  H2  (left)  or  D2  (right)  plasma  exposures 
for  1 min  at  different  chuck  or  source  powers. 


There  was  a significant  difference  between  H2  and  D2  plasmas  in  terms  of  their 
effect  on  excess  gate  leakage  induced  as  a function  of  plasma  exposure  time.  As  shown 
in  Figure  4-4  (left),  this  leakage  tended  to  saturate  with  H2  plasma  exposure  time, 
whereas  the  low-bias  current  continued  to  increase  with  D2  plasma  exposure  time  (right). 
This  may  be  a result  of  the  heavier  D2+  and  D+  ions  inducing  more  recombination  centers 
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around  the  gate  periphery.  Note  that  there  is  no  significant  change  in  the  I-V 
characteristics  beyond  a bias  voltage  of  -0.5V,  indicating  the  recombination  centers  are 
saturated  by  the  higher  current  flow  at  these  biases. 


Figure  4-4.  I0-VG  characteristics  before  and  after  H2  (left)  or  D2  (right)  plasma  exposure 
for  different  times. 


The  I-V  characteristics  were  fit  to  the  relationship 

I=A.A*T2  exp(-ec|)/kT)exp(eV/nkT-l)  (4-3) 

where  A is  the  contact  area,  A*  is  Richardson’s  constant,  e is  the  electronic  charge,  <j>  is 
the  gate  contact  Schottky  barrier  height,  n is  the  ideality  factor,  k is  the  Boltzmann’s 
constant,  V is  the  applied  bias  and  T is  the  absolute  device  temperature.  From  this  data, 
we  could  extract  the  ideality  factors.  Figure  4-5  (left)  shows  the  effect  of  both  rf  chuck 
power  and  source  power  on  n values  from  HEMTs  exposed  to  H2  plasmas.  The  ideality 
factor  initially  worsens  as  both  the  source  or  chuck  power  is  increased,  but  is  less 
decreased  at  either  high  source  or  chuck  power.  In  the  former  case  this  may  result  from 
the  reduced  ion  energy  as  the  increased  ion  density  suppresses  the  dc  self-bias  on  the 
sample  electrode.  In  the  case  of  increasing  rf  chuck  power  at  fixed  source  power,  the 
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damage  around  the  gate  periphery  may  become  severe  enough  to  induce  a tunneling 
contribution  in  the  I-V  characteristics.  In  the  case  of  D2  plasmas  (shown  in  Figure  4-5, 
right),  once  again  the  ideality  factor  worsens  initially  as  source  power  is  increased  but 
decreases  above  300W  due  to  the  reduction  in  the  average  incident  ion  energy.  As  the  rf 
chuck  power  is  increased,  there  is  a monotonic  increase  in  ideality  factor.  The  turn-over 
observed  with  H2  plasma  exposure  may  occur  at  higher  rf  chuck  powers  for  D2  plasma 
exposure. 
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Figure  4-5.  Ideality  factor  as  a function  of  rf  chuck  or  source  power  during  H2  (left)  or  D2 
(right)  plasma  exposures. 

The  sheet  resistance  of  the  conducting  AlGaAs  donor  layer  may  be  expressed  as 

Ps  = e x p x ns  (4.4) 

where  e is  the  electronic  charge,  p the  electron  mobility  and  ns  the  sheet  electron  density. 
Figure  4-6  (left  and  right)  shows  a similar  behavior  of  H2  and  D2  plasma  exposed 
structures  in  terms  of  the  response  of  sheet  resistance  to  increasing  source  power  at 
constant  rf  chuck  power.  The  sheet  resistance  increases  with  increasing  source  power  up 
to  300W  and  basically  saturates  thereafter.  The  increase  in  resistance  can  primarily  be 
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based  to  a reduction  in  sheet  carrier  density  through  the  introduction  of  deep  electron 
traps.  However,  as  source  power  continues  to  be  increased,  the  associated  ion  energy 
decreases  and  the  damage  saturates  because  the  product  of  ion  energy  and  ion  flux 
remains  roughly  constant. 


Figure  4-6.  Channel  sheet  resistance  as  a function  of  ICP  source  power  during  H2  (left)  or 
D2  (right)  plasma  exposures. 


The  strong  influence  of  ion  energy  and  constant  ion  flux  is  obvious  from  the  data 
of  Figure  4-7  (left  and  right).  In  the  case  of  H2  plasma  exposure,  there  is  only  a slight 
indication  of  damage  saturation  as  evidenced  by  the  increase  in  sheet  resistance,  whereas 
the  effect  is  more  pronounced  with  the  heavier  D2+  and  D+  ions  in  the  deuterium  plasma. 
The  number  of  point  defects  created  by  energetic  ion  bombardment,  Nd,  can  be  expressed 
approximately  by  the  Kinchin-Pease  formula 


N 


d 


(4-5) 


where  En  is  the  energy  deposited  into  nuclear  stopping  and  Ed  is  the  atomic  displacement 
energy  (roughly  20-25eV  in  semiconductors).  This  formula  usually  overestimates  the 
number  of  point  defects  because  it  does  not  take  into  account  the  dynamic  annealing  of 
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damage  through  point  defect  recombination.  This  recombination  effect  would  be  more 
prevalent  for  D2  plasma  exposure  and  may  explain  the  saturation  of  sheet  resistance  being 
obvious  at  lower  rf  chuck  powers  than  for  H2  plasma  exposure. 


Figure  4-7.  Channel  sheet  resistance  as  a function  of  rf  chuck  power  during  H2  (left)  or 
D2  (right)  exposures. 

The  damage  induced  in  the  HEMTs  also  tended  to  saturate  with  exposure  time  to 
both  types  of  plasma,  as  shown  in  Figure  4-8  (left  and  right).  The  self-bias  exhibited  a 
slight  upward  drift  with  time  for  D2  plasmas  and  the  opposite  trend  for  Fl2  plasmas.  The 
saturation  effect  of  damage  with  exposure  time  may  also  be  explained  by  recombination 
of  point  defects  leading  to  an  equilibrium  situation. 

The  effects  of  both  ICP  source  power  and  rf  chuck  power  on  HEMT  threshold 
voltage  (VT)  are  shown  in  Figure  4-9  (left  and  right)  for  both  H2  and  D2  plasma  exposure. 
The  VT  values  initially  decrease  as  these  powers  are  increased,  corresponding  to  a lower 
effective  carrier  concentration  in  the  channel  as  deep  trap  states  are  created.  As  the 
source  power  is  increased  above  200-3  00 W,  the  corresponding  decrease  in  ion  energy 
leads  to  a reduced  change  in  VT.  Once  again,  there  is  a noticeable  difference  in  behavior 
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between  H2  and  D2  plasma  in  terms  of  the  effect  in  VT  at  higher  rf  chuck  powers,  perhaps 
related  to  the  role  of  ion  mass  in  defect  creation. 


Figure  4-8.  Channel  sheet  resistance  as  a function  of  exposure  time  to  either  H2  (left)  or 
D2  (right)  plasmas  at  fixed  source  (100W)  and  rf  chuck  power  (20W). 
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Figure  4-9.  VT  a function  of  rf  chuck  or  source  power  during  either  H2  (left)  or  D2  (right) 
plasma  exposures. 


The  extrinsic  transconductance  (gm)  is  a key  device  parameter  for  field  effect 
transistors  and  was  found  to  be  strongly  degraded  by  increasing  rf  chuck  power  or  source 
power  in  both  H2  and  D2  plasmas,  as  shown  in  Figure  4-10  (left  and  right).  In  the  case  of 
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D2  plasmas,  the  gm  essentially  goes  to  zero  at  a moderate  source  power  (300 W)  and  is 
slightly  less  degraded  at  higher  powers  due  to  the  lower  ion  energy.  The  degradation  in 
gm  is  slightly  less  pronounced  for  H2  plasma  exposure,  which  again  is  likely  related  to  the 
smaller  defect  density  created  by  the  lighter  ions.  Note  that  both  ion  flux  and  ion  energy 
have  very  strong  influences  on  the  HEMT  gm.  To  have  minimal  decrease  in  gm,  it  is 
necessary  to  keep  both  of  these  parameters  at  their  minimum  values  to  sustain  the  plasma 
(i.e.  roughly  100W  source  power  and  10W  rf  chuck  power).  In  a real  deposition  process, 
these  requirements  would  not  be  quite  as  stringent  due  to  the  protective  dielectric  layer 
formed  on  the  HEMT  surface. 


Figure  4-10.  gm  as  a function  of  rf  chuck  or  source  power  during  either  H2  (left)  or  D2 
(right)  plasma  exposures. 


(b)  rf  performance 

Figure  4-1 1 shows  the  effect  of  rf  chuck  power  on  the  values  of  both  fT  and  fMax  at 
constant  source  power  of  100W  for  both  H2  and  D2  plasmas.  Both  parameters  fall-off 
rapidly  with  increasing  ion  energy  during  the  plasma  exposure.  The  average  ion  energy 
is  given  by  the  sum  of  dc  self-bias  and  plasma  potential  with  the  latter  being  roughly  - 
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25V  in  this  system.  There  is  slightly  less  degradation  in  fT  and  fMax  for  rf  chuck  powers 
of  100W  in  H2  plasmas,  but  the  values  for  both  parameters  remain  well  below  their 
starting  points  of  ~30GHz. 


Figure  4-11.  fT  and  fviAX  as  a function  of  rf  chuck  power  during  either  H2  (left)  or  D2 
(right)  plasma  exposure  at  fixed  source  power  (100W). 

Similar  behavior  was  found  for  the  effect  of  ICP  source  power  on  the  microwave 
performance,  as  shown  in  Figure  4-12  (left  and  right)  for  increasing  source  power  at  a 
fixed  rf  chuck  power  of  10W.  Note  that  for  source  powers  in  excess  of -100  W,  the  fT 
and  fMax  values  are  severely  degraded.  As  pointed  out  earlier,  this  fall-off  would  be 
somewhat  less  in  a real  deposition  process.  In  the  case  of  D2  plasmas,  the  degradation  in 
microwave  parameters  is  less  at  higher  source  power  due  to  the  decrease  in  ion  energy. 

The  HEMT  can  be  viewed  as  a system  of  resistances  and  capacitances  that  will 
determine  the  final  rf  performance.  Figure  4-13  (left)  shows  a cross-sectional  view  of  the 
HEMT  structure  and  the  various  source,  drain  and  gate  resistances  and  the  capacitances 
between  them.  A simplified  equivalent  circuit  for  the  HEMT  is  shown  at  the  right  of 
Figure  4-13.  We  were  able  to  determine  the  numerical  values  for  all  these  parameters  by 
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fitting  the  rf  data  and  then  to  measure  the  variation  of  these  values  with  the  different 
plasma  exposure  conditions. 


Figure  4-12.  fj  and  fMAX  as  a function  of  source  power  during  either  H2  (left)  or  D2  (right) 
plasma  exposure  at  fixed  of  chuck  power  (10W). 


Figure  4-13.  Schematic  cross  section  of  HEMT  (left)  showing  origin  of  resistances  and 
capacitances,  and  equivalent  circuit  diagram  (right). 


Figure  4-14  shows  the  effect  of  both  rf  chuck  power  and  source  power  on  the 
intrinsic  transconductance.  Both  parameters  lead  to  strong  degradation  of  the 
transconductance  as  they  are  increased  and  even  a low  rf  chuck  power  of  10W  is 
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sufficient  to  cause  major  suppressions  of  transconductance  if  source  powers  above  100W 
were  employed.  Since  the  transconductance  is  essentially  related  to  gain,  then  clearly  the 
utility  of  the  device  is  lost  if  this  parameter  is  degraded. 


Figure  4-14.  Intrinsic  transconductance  as  a function  of  rf  chuck  (left)  and  source  power 
(right)  for  H2  and  D2  plasma  exposures. 


The  effect  of  increasing  rf  chuck  power  in  drain-source  resistance  (RDs)  and 
capacitance  (CDS)  at  fixed  source  power  as  shown  in  Figure  4-15  (left  and  right), 
respectively.  The  RDs  values  increase  in  chuck  power  is  increased  due  to  the  reduction  in 
channel  doping  as  trap  states  are  introduced,  while  CDs  shows  a more  complex  behavior 
but  much  smaller  relative  changes  (of  the  order  of  25%  of  the  initial  value,  compared  to 
200-450%  damages  in  RDS). 
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Figure  4-15.  RDs  (left)  and  CDS  (right)  as  a function  of  rf  chuck  power  for  both  H2  and  D2 
plasma  exposure. 


The  drain  resistance,  RD,  comprises  contribution  from  the  heavily  doped  GaAs 
under  the  drain  contact  as  well  as  the  transition  region  to  the  channel.  This  parameter  is 
clearly  a function  of  the  effective  doping  in  these  regions,  which  can  be  decreased 
through  hydrogen  passivation  of  the  Si  donors  and  creation  of  traps  both  in  the  epilayer 
and  around  the  periphery  of  the  drain  contact  area.  Figure  4-16  (left  and  right)  shows  the 
effect  of  H2  and  D2  plasma  exposure  on  RD  as  a function  of  increasing  rf  chuck  power. 
The  effect  of  H2  is  such  greater,  which  may  indicate  hydrogen  passivation  of  the  drain 

dopants  as  a major  contributor  because  the  diffusivity  of  atomic  hydrogen  is  4l  times 
larger  than  that  of  atomic  deuterium  because  of  the  isotope  effect. 

Figure  4-17  shows  the  influence  of  rf  chuck  power  (left)  and  source  (right)  on  the 
gate-source  resistance  (Rgs)  for  both  H2  and  D2  plasma  exposure.  Once  again,  the  H2 
plasmas  are  found  to  have  a generally  larger  effect  than  D2,  which  may  be  a result  of  the 
more  efficient  passivation.  This  is  supported  by  the  fact  that  H2  plasmas  lead  to  a very 
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large  change  in  R0s  at  high  source  power  (400 W),  where  the  ion  energy  is  low  (<30eV) 
and  therefore  point  defect  creation  is  quite  inefficient. 


Figure  4-16.  RD  as  a function  of  rf  chuck  power  (left)  or  source  power  (right)  for  both  H2 
and  D2  plasma  exposures. 


Figure  4-17.  Ros  as  a function  of  rf  chuck  power  (left)  or  source  power  (right)  for  bother 
H2  and  D2  plasma  exposure. 


Similar  data  is  shown  in  Figure  4-18  (left  and  right)  for  gate-source  capacitance 
(Cos)  as  a function  of  both  rf  chuck  power  and  source  power.  There  is  a general  trend  of 
decreasing  CGs  as  both  of  these  parameters  increase  for  both  D2  and  H2  plasma  exposure, 
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due  to  reduction  in  effective  doping  level  between  the  gate  and  source  regions.  The  only 
exception  is  for  H2  plasmas  at  the  highest  source  powers  where  there  may  be  situation  in 
which  low  energy  ion  production  is  relatively  efficient,  reducing  the  density  of  atomic 
hydrogen  neutrals  available  for  passivation. 


Figure  4-18.  CGs  as  a function  of  rf  chuck  power  (left)  as  a source  power  (right)  for  both 
H 2 and  D2  plasma  exposure. 


The  gate-to-drain  capacitance  (CGd)  was  also  extracted  from  the  rf  measurement 
data.  This  value  is  shown  in  Figure  4-19  (left  and  right)  as  a function  of  rf  chuck  power 
and  ICP  source  power  for  both  H2  and  D2  plasma  exposure.  There  is  a general  trend  of 
increasing  CGD  as  source  power  increases  for  both  H2  and  D2,  whereas  the  influence  of  rf 
chuck  power  is  more  complex  and  probably  involves  the  net  effect  of  creating  donor-like 
surface  states  through  preferential  loss  As  and  the  loss  of  donors  in  the  gate-to-drain 
region  due  to  creation  of  deep  traps  and  hydrogen  passivation. 
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Figure  4-19.  CGd  as  a function  of  rf  chuck  power  (left)  or  source  power  (right)  for  both 
H2  and  D2  plasma  exposures. 


Finally,  Figure  4-20  shows  the  change  of  source  resistance,  Rs,  with  ICP  source 
power  in  both  H2  and  D2  plasmas.  The  Rs  values  lead  to  decrease  in  H2  plasmas  but  go 
through  a maximum  with  D2  plasma  exposure.  This  behavior  is  opposite  to  that  of  the 
drain  resistance  and  needs  more  work  in  order  to  clarify  the  origin  of  the  differences. 

AlGaAs/GaAs  HEMTs  with  0.25pm  gate  length  were  exposed  to  low  power  H2  or 
D2  plasmas  to  simulate  a worst-case  scenario  during  deposition  of  dielectric  passivation 
films.  Both  the  dc  and  rf  performance  were  strongly  degraded  by  high  ion  energies  or 
fluxes  during  the  plasma  exposure.  Each  of  the  critical  device  parameters  was  measured 
as  a function  of  the  source  and  rf  chuck  power  during  plasma  exposure  and  all  of  them 
were  sensitive  to  the  plasma  parameters.  The  strategy  during  deposition  of  dielectrics 
onto  HEMTs  using  H2-containing  precursor  gases  is  clearly  to  have  a rapid  initial 
deposition  rate  in  order  to  cover  the  surface  as  quickly  as  possible  to  prevent  changes 
through  preferential  loss  of  As,  hydrogen  passivation  of  dopants  or  creation  of  deep  trap 
states  by  energetic  ion  bombardment. 


73 


Figure  4-20.  Source  resistance  as  a function  of  ICP  source  power  for  both  H2  and  D2 
plasma  exposure. 

4.2  Hydorgenation  Effects  on  AlGaAs/GaAs  Heteroiunction  Bipolar  Transistors 
A comparison  of  the  effects  of  H2  and  D2  plasmas  on  the  dc  characteristics  of 
AlGaAs/GaAs  heterojunction  bipolar  transistors  showed  a strong  influence  of  exposure 
time,  ion  flux  and  ion  energy  on  the  forward  and  reverse  junction  current-voltage  (I-V) 
characteristics,  base  resistance  and  E-B  (E-B)  breakdown  voltage  and  ideality  factor.  The 
results  are  quite  different  than  those  observed  with  N2  or  Ar  plasma  exposure  of  similar 
devices  and  show  that  passivation  of  the  carbon  acceptors  in  the  base  layer  is  a major 
problem  with  processes  such  as  PECVD  of  SiNx  or  Si02  sidewall  space  layers  during 
HBT  fabrication. 

4.2.1  Introduction 

AlGaAs/GaAs  heterojunction  bipolar  transistors  (HBTs)  are  rapidly  gaining 
marked  share  For  use  in  wireless  and  lightwave  communication  systems  because  of  their 
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improved  linearity  relative  to  GaAs  metal-semiconductor  field  effect  transistor*174'182*. 

As  the  device  dimensions  decrease,  processing  steps  such  as  formation  of  sidewall 
spacers  on  the  emitter/base  mesa  become  increasingly  necessary.  These  spacers  are 
typically  deposited  by  plasma  enhanced  chemical  vapor  deposition  (PECVD)  of  SiNx  or 
SiC>2  from  SiH4/NH3,  SiHvT^  or  SifLt/l^O  chemistries* 142-1621  The  high  concentration  of 
atomic  hydrogen  present  during  this  process  might  be  expected  to  produce  passivation  of 
the  Si  and  C dopants  used  in  the  emitter  and  base  layers,  respectively.  Previous  work  has 
shown  that  ion  bombardment  occurring  during  N2  or  Ar  plasma  can  have  a significant 
effect  on  HBT  dc  performance  through  introduction  of  deep  trapping  states  in  both  the 
both  and  on  the  surface  of  the  component  layers  within  the  device*144, 158, 165'172).  There  is 
also  inherent  in  the  relative  effects  of  hydrogen  versus  deuterium,  because  the  heavier 
mass  of  the  H would  decrease  the  damage  depth  for  ion-bombardment  effects. 
Typically-substituted  precursors  for  PECVD  are  widely  available  and  this  could  be  are 
approach  for  reducing  the  effects  of  hydrogenation  during  plasma  processing  of  HBTs. 

In  addition  the  diffusion  coefficient  of  2H  is  -40%  slower  than  that  of  'H,  according  to 
the  relation 


Dh  M ,, 

-V-oc B. 


M H 


(4-6) 


where  D is  the  diffusivity  and  M is  the  atomic  mass  of  the  hydrogen  (H)  or  deuterium 
(D),  respectively. 

In  this  paper,  we  report  on  the  effect  of  'H  and  2H  plasma  exposure  on  the  dc 


characteristics  of  large  area  AlGaAs/GaAs  HBTs  with  aggressive  doping  and  layer 
thickness  design.  These  HBT  layer  structures  are  typical  of  those  needed  for  high  bit-rate 
lightwave  communication  systems. 
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4.2.2  Experiment 

The  layer  structures  were  grown  by  Metal  Organic  Molecular  Beam  Epitaxy  on 
undoped,  semi-insulating  GaAs(lOO)  substrates’ 183).  The  n+-GaAs  (n  = 3xl018cm'3)  sub- 
collector (0.6  pm  thick)  was  followed  by  an  n-GaAs  (n  = 2xl016cm'3)  collector  (0.4  pm 
thick),  p+-GaAs  (p  = 7xl019cm'3)  base  (0.07  pm  thick),  n+-Alo.3Gao.7As  (n  = 8xl018cm'3) 
emitter  (0.08  pm  thick)  and  a 0.02  pm  grade  to  a n+-GaAs  (n  = 1.5xl019cm'3)  emitter 
contact  layer  (0.2  pm  thick).  HBTs  with  emitter  dimensioins  ~90  pm  were  fabricated  by 
wet  chemical  etching.  Lift-off  of  e-beam  deposited  Au/Ge/Ni  and  Ti/Pt/Au  was 
employed  for  ohmic  contacts  to  the  emitter/collector  and  base  layers,  respectively.  A 
scanning  electron  micrograph  of  some  of  the  completed  devices  is  shown  in  Figure  4-21. 


Figure  4-21.  SEM  micrograph  of  completed  devices 

The  HBTs  were  exposed  to  H2  or  D2  plasmas  in  a Plasma  Therm  790  system.  The 
inductively  coupled  plasma  source  operates  at  2MHz,  while  the  sample  chuck  was  biased 
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with  13.56MHz  power.  The  source  power  basically  contacts  the  ion  flux  and  degree  of 
plasma  dissociation,  while  the  rf  chuck  power  controls  the  ion  energy.  This  average  ion 
energy  is  approximately  the  sum  of  the  dc  self-bias  and  the  plasma  potential.  The  latter  is 
~20eV  in  this  particular  tool  under  the  experimental  conditions  we  used.  The  device  dc 
characteristics  were  measured  on  an  HP  4 145 A parameter  analyzer  at  room  temperature. 
4.2.3  Results  and  Discussion 

Figure  4-22  shows  the  reverse  I-V  characteristics  from  the  E-B  functions  of  HBTs 
exposed  to  either  H2  (left)  or  D2  (right)  plasmas  as  a function  ICP  source  power  at  fixed 
rf  chuck  power  and  process  pressure  (5  mTorr).  The  reverse  breakdown  voltage  (VB)  of 
control  devices  was  approximately  -1.2V.  Note  that  there  is  a major  increase  in  VB  in  all 
cases,  but  ‘H  is  significantly  worse  than  2H  under  the  same  conditions.  The  degradation 
in  VB  is  also  worse  at  high  source  powers  for  both  types  of  discharge,  where  the  ion 
energy  is  low  and  the  ion  flux  is  high.  The  results  indicate  that  the  doping  on  both  sides 
of  the  junction  is  being  decreased,  probably  through  a combination  of  dopant  passivation 
by  the  reactions 


Si+  + H'  ->  (SiH)° 

(4-7) 

C + H+  (CH)° 

(4-8) 

And  by  deep  trap  formation  that  removes  electron  from  the  emitter  and  holes  form  the 
base.  Ion  damage  in  GaAs  and  AlGaAs  is  known  to  move  the  Fermi  level  towards 
midgap  in  both  n-  and  p-type  material. 
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Figure  4-22.  Reverse  E-B  junction  characteristics  as  a function  of  source  power  during 
hydrogen  (left)  or  deuterium  (right)  plasma  exposure. 

The  forward  I-V  characteristics  from  these  devices  are  shown  in  Figure  4-23.  In 
the  case  of  hydrogen  plasma  exposure  (left),  the  E-B  junction  shows  significant  low-bias 
leakage  for  the  lowest  source  power  condition  where  ion  energy  is  at  its  highest.  This 
result  would  indicate  that  recombination  centers  are  being  created  around  the  junction 
periphery  by  ion  damage  and  preferential  loss  of  As  through  the  reaction 

As  + 3H  ->  AsH3(g)  (4-9) 

By  sharp  contrast,  the  results  for  2H  plasma  exposure  show  extreme  degradation  of  the  E- 
B junction  forward  I-V  at  the  highest  source  power  where  the  ion  flux  and  atomic 
deuterium  concentrations  are  at  their  highest  values. 

The  E-B  junction  reverse  I-V  characteristics  as  a function  of  the  rf  chuck  power 
for  both  'H  and  2H  plasma  exposure  are  shown  in  Figure  4-24.  The  VB  values  for  'H 
plasma  treatments  increase  dramatically  as  the  chuck  power  and  hence  ion  energy  is 
increased  (left).  By  contrast,  the  2H  plasma  treatments  produce  an  essentially  constant 
amount  of  increase  in  VB  (right).  These  results  implicate  the  ion  mass  is  playing  a major 
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role  and  therefore  that  ion-induced  trap  states  are  one  of  the  major  mechanisms  in  the 
carrier  loss  that  produces  the  increase  in  Vb. 


Figure  4-23.  Forward  E-B  junction  characteristics  as  a function  of  source  power  during 
hydrogen  (left)  or  deuterium  (right)  plasma  exposure. 
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Figure  4-24.  Reverse  E-B  junction  characteristics  as  a function  of  rf  chuck  power  during 
hydrogen  (left)  or  deuterium  (right)  plasma  exposure. 


The  forward  I-V  characteristics  from  the  E-B  junctions  of  the  HBTs  exposed  to 
1 2 

H and  H plasmas  as  a function  of  rf  chuck  power  are  shown  in  Figure  4-25.  In  the  case 
of  hydrogen  plasma  treatments  the  forward  leakage  current  is  increased  significantly  at 
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low  chuck  powers  where  the  ion  energy  is  small,  suggesting  that  loss  of  As  at  the  surface 
might  be  the  cause  of  the  increase  current.  In  the  case  of  deuterium  plasma  treatments 
the  low  bias  leakage  is  largely  ion  affected  by  any  of  the  rf  chuck  power,  but  the  series 
resistance  is  worse  at  higher  powers. 


Figure  4-25.  Forward  E-B  junction  characteristics  as  a function  of  rf  chuck  power  during 
hydrogen  (left)  or  deuterium  (right)  plasma  exposure. 

The  effect  of  exposure  time  at  fixed  source  power  and  rf  chuck  power  is  shown  in 
Figure  4-26.  There  is  not  a large  effect  of  exposure  time  on  the  reverse  E-B  I-V 
characteristics  provided  the  source  power  and  chuck  power  are  above  the  threshold  for 
damage.  Note  that  in  all  cases  the  VB  increases  from  -1.2V  to  approximately  -7V, 
indicating  very  significant  loss  of  doping. 

The  forward  I-V  characteristics  of  the  E-B  junctions  are  shown  in  Figure  4-27  as  a 
function  of  plasma  exposure  time.  In  the  case  of  hydrogen  plasmas  (left)  there  is  a slight 
increase  in  low-bias  leakage  with  increasing  time,  whereas  for  deuterium  plasmas  (right), 
the  changes  are  more  significant  both  for  low-bias  current  and  the  series  resistance  effect 
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above  ~1 .2  V.  These  results  indicate  that  the  mass  of  the  incident  ions  plays  a key  role  in 
influencing  the  function  electrical  characteristics. 


Voltage  (V)  Voltage  (V) 


Figure  4-26.  Reverse  E-B  junction  characteristics  as  a function  of  exposure  time  to 
hydrogen  (left)  or  deuterium  (right)  plasmas. 


Figure  4-27.  Forward  E-B  junction  characteristics  as  a function  of  exposure  time  to 
hydrogen  (left)  or  deuterium  (right)  plasmas. 


Figure  4-28  shows  the  Gummel  plots  from  deuterium  plasma  exposed  samples  as  a 


function  of  rf  chuck  power  (left),  source  power  (center)  or  exposure  time  (right).  There 
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was  little  change  in  either  collector  or  collector  or  base  current  as  a function  of  chuck 
power,  but  both  were  decreased  by  increasing  source  power  (or  equivalently  ion  flux  and 
atomic  deuterium  neutral  flux).  Similarly,  longer  exposure  times  at  fixed  power  were 
found  to  decrease  both  Ic  and  Ib.  This  would  be  expected  as  damage  builds  up  with 
longer  exposure  times. 

These  results  translate  into  changes  in  the  current  gain  of  the  devices,  as  shown  in 
Figure  4-29.  In  the  case  of  varying  rf  chuck  power  (top)  the  changes  with  both  hydrogen 
and  deuterium  plasmas  was  negligible.  In  the  case  of  varying  source  power  (center),  the 
changes  in  IB  and  Ic  essentially  offset  each  other  and  again  led  to  small  changes  in  current 
gain.  However  for  varying  exposure  time  the  changes  could  be  quite  large.  One  also  has 
to  remember  that  the  current  gain  can  be  dependent  on  the  device  operating  time  when 
hydrogen  is  present,  because  passivated  carbon  acceptors  in  the  base  can  be  reactivated 
by  carrier  (electron)  injection.  The  measured  gain,  G,  then  may  vary  as 


where  G0  is  the  gain  in  unpassivated  devices,  t is  the  device  operation  time  and  x is  a 
temperature-dependent  deactivation  time  constant. 


(4-10) 


Collector  Current  (A)  Collector  Current  (A)  Collector  Current  (A) 
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Figure  4-28.  Gummel  plots  before  and  after  deuterium  plasma  exposure  at  different  rf 
chuck  power  (top),  source  power  (center)  or  exposure  times  (bottom). 
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Figure  4-29.  Current  gain  change  as  a function  of  rf  chuck  power  (top),  source  power 
(center)  or  exposure  time  (bottom)  for  hydrogen  and  deuterium  plasmas. 
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Figure  4-30  shows  the  E-B  junction  ideality  factors  as  a function  of  source  power 
(top),  rf  chuck  power  (center)  or  exposure  time  (bottom)  for  hydrogen  plasma  treatments, 
in  addition  to  the  E-B  junction  breakdown  voltages.  The  ideality  factors  were  extracted 
from  the  forward  I-V  characteristics  according  to  the  relationship 


J F = A" T 2 exp( 


eV 

nKJ 


)exp 


(Es-eV) 

KBT 


(4-11) 


where  A is  Richardson’s  constant,  T the  absolute  measurement  temperature,  e the 
electronic  charge,  KB  is  Boltzmann’s  constant,  Eg  the  material  bandgap  and  JF  is  the 
forward  current  density.  The  n values  remain  between  ~1.25  and  1.48  and  were  more 
affected  by  rf  chuck  power. 

Similar  results  are  shows  in  Figure  4-31  for  HBTs  exposed  to  deuterium  plasmas. 
The  ideality  factors  are  better  for  these  devices  than  for  the  hydrogen-treated  HBTs. 
Being  in  the  range  1.04-1.16.  The  Figure  also  shows  the  E-B  breakdown  voltages 
extracted  from  the  reverse  I-V  characteristics. 

The  changes  in  emitter  resistance  as  a function  of  source  power  and  rf  chuck 
power  are  shown  in  Figure  4-32  for  both  hydrogen  and  deuterium  plasma  exposure.  The 
charges  in  emitter  resistance  are  lower  than  those  in  the  base  resistance,  which  is 
consistent  with  the  fact  that  acceptors  are  more  easily  passivated  than  donors  in  GaAs  and 


AlGaAs.  Therefore,  while  there  are  changes  in  the  doping  on  both  sides  of  the  E-B 
junction,  the  effect  is  more  pronounced  in  the  base. 


Ideality  Factor  (Arbi.  Unit)  Ideality  Factor  (Arbi.  Unit)  Ideality  Factor  (Arbi.  Unit) 
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Figure  4-30.  Ideality  factor  and  E-B  junction  breakdown  voltage  as  a function  of  rf  chuck 
power  (top),  source  power  (center)  or  exposure  time  (bottom)  for  hydrogen  plasmas. 
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Figure  4-31.  Ideality  factor  and  E-B  junction  breakdown  voltage  as  a function  of  rf  chuck 
power  (top),  source  power  (center)  or  exposure  time  (bottom)  for  deuterium  plasmas. 
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Figure  4-32.  Emitter  resistance  change  as  a function  of  rf  chuck  power  (top),  source 
power  (center)  or  exposure  time  (bottom)  for  both  hydrogen  and  deuterium  plasmas 
exposure. 
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The  base  resistance  changes  are  shows  for  both  hydrogen  and  deuterium  plasma 
treatments  as  a function  of  source  power,  chuck  power  and  exposure  time  in  Figure  4-33 
Note  that  very  large  increases  in  all  cases,  due  to  hydrogen  or  deuterium  passivation  of 
the  carbon  acceptors. 

A systematic  study  of  the  effects  of  hydrogen  or  deuterium  plasma  processes 
(simulating  deposition  of  dielectric  sidewall  spacers)  on  AlGaAs/GaAs  HBTs  has  been 
performed.  The  base  resistance  shows  a large  increase  under  all  conditions  due  to 
acceptor  passivation,  while  current  and  E-B  junction  ideality  factor  do  not  show  large 
changes.  The  E-B  junction  breakdown  voltage  is  increased  as  a result  of  the  decrease  in 
effective  doping  in  the  base.  Under  same  conditions  it  is  advantageous  to  use  deuterium 
rather  than  hydrogen  to  minimize  changes  to  the  HBT  performance. 


Base  Resistance  Difference  (%)  Base  Resistance  Difference  (%)  Base  Resistance  Difference  (%) 
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Figure  4-33.  Base  resistance  change  as  a function  of  rf  chuck  power  (top),  source  power 
(center)  or  exposure  time  (bottom)  for  both  hydrogen  and  deuterium  plasmas  exposure. 


CHAPTER  5 

IRRADIATION  HARDNESS  OF  III-V  COMPOUND  SEMICONDUCTOR  DEVICES 

5.1  Radiation  Induced  Damages  in  Standard  MESFET 

5.1.1  Introduction 

Gallium  Arsenide  (GaAs)  Metal  Semiconductor  Field-Effect-Transistor 
(MESFETs)  based  device  and  circuits  are  now  commercially  available  and  have  been 
used  in  many  civilian  and  military  applications.  The  radiation  hardness  of  GaAs 
MESFET  is  one  of  the  critical  factors  for  selection  of  the  applications  where  radiation  is 
encountered  in  certain  military,  nuclear  industry  and  space  applications.  The  device 
characteristics  of  MESFETs  are  affected  by  neutrons,  electrons,  gamma  rays,  and  cosmic 
rays084  190).  The  typical  radiation  damages  are  the  displacement  of  atoms  from  their 
lattice  sites,  ionization  of  atoms,  and  interal  energy  changes090.  In  this  work,  we 
investigate  the  ability  of  GaAs  MESFETs  to  withstand  long-term  cumulative  radiation  of 
^-ray  irradiation  from  a 600Ci  Cobalt60  source.  MESFET  characteristics  of  source-drain 
I-V  characteristics,  gate  leakage  current,  saturation  drain  current,  sub-threshold  gate 
leakage  current,  and  sheet  resistance  were  monitored  to  study  the  effect  of  radiation. 

5.1.2  Experimental 

GaAs  metal  semiconductor  field-effect-transistors  (MESFETs)  were  fabricated 
using  implantation  technology.  Silicon  semi-insulating  GaAs  substrates  were  used  as  n- 
dopant  and  substrates.  The  doping  concentration  in  the  channel  region  is  approximately 
10  cm  . AuGe/Ni  based  metallization  was  employed  for  the  n-ohmic  contacts.  The 
contacts  were  formed  with  E-beam  deposition  and  standard  lift-off  process.  After 
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deposition,  the  contacts  were  annealed  at  420  °C  for  30  sec  in  a rapid-thermal-annealing 
(RTA)  system.  The  gate  contact  was  Ti/Pt/Au.  Transmission-Line-Method  (TLM)  test 
structure  was  formed  along  the  device  fabrication  to  determine  the  contact  resistance 
(Rc),  sheet  resistance  (ps),  and  specific  contact  resistance  (pc). 

An  HP  Model  4145B  Semiconductor  Parameter  Analyzer  was  used  to 
characterize  the  MESFET.  All  measurements  were  taken  at  different  radiation  dose 
levels,  which  depended  on  both  time  in  the  cobalt60  irradiator  and  distance  from  the  600 
Ci  source.  The  calibration  of  radiation  dose  was  performed  with  radiachromic  films  and 
ion  chamber  radiation  meters.  ISP  Technologies  MD-55  films  were  used  in  the  range 
from  0 to  50  Krads  total  dose  and  Far  West  Technologies  HD810  films  were  used  to  the 
range  up  to  500Krads  total  dose.  Two  kinds  of  ion  chambers  were  used  in  higher  dose 
measurements. 

5.1.3  Results  and  Discussion 

The  degradation  mechanisms  of  in  GaAs  MESFETs  from  Cobalt60  irradiation  typically 
are  atom  displacement  and  ionization.  Several  types  of  point  defects  are  considered 
during  radiation  and  the  Frenkel  defect  is  the  most  common  one  generated  by  the  transfer 
of  radiation  energy  to  devices.  The  general  radiation  damage  mechanisms  are  of  two 
types:  atomic  displacements  resulting  in  lattice  defects,  and  changes  at  the  molecular 
level.  A combination  of  both  mechanisms  is  important  for  electrical  components  such  as 
semiconductors  and  insulators.  Our  study  is  only  interested  in  the  interaction  of  gamma 
rays  with  a compound  semiconductor,  gallium-arsenide  (GaAs).  The  three  processes 
that  can  play  an  important  role  are  photoelectric  absorption,  Compton  scattering  and  pair 
production.  They  result  in  sudden  and  abrupt  changes  in  the  y-rays,  and  is  in  sharp 


92 


contrast  to  the  mechanisms  for  charged  particles.  GaAs  Metal-Semiconductor  Field- 
Effect-Transistor  (MESFET)  is  a majority  carrier  device  and  will  predominately  be 
altered  by  the  pair-production  mechanisms  with  the  creation  of  defect  centers  that  trap 
electrons'192'194'.  These  radiation-induced  defects  occupy  a broad  spectrum  of  energy 
levels  inside  the  semiconductor  energy  gap  and  act  as  recombination  centers  or  electron 
trap  centers  that  cause  a change  in  free  carrier  concentration,  mobility  and  carrier 
lifetime' 184). 


Figure  5-1 : Photo  of  GaAs  MESFET  Figure  5-2:  Photo  of  TLM  Test  Structure 


The  tested  discrete  MESFET  and  TLM  pattern  are  shown  in  Figure  5-1  and  5-2. 
The  dimension  of  discrete  device  is  1 x 35  pm2  and  the  gaps  of  TLM  pattern  are  2,  4,  8, 
and  16  pm.  Figure  5-3  shows  the  sheet  resistance  as  a function  of  radiation  dosage. 
Generally,  the  sheet  resistance  increased  as  the  accumulative  dose  augmented,  however, 
there  were  two  regions  observed.  In  the  low  radiation  dose  region  (<  557MRADs),  the 
sheet  resistances  increased  slightly.  In  the  high  dose  region  (>  557Mrads),  the  sheet 
resistance  was  linearly  proportional  to  the  radiation  dosage.  The  increase  of  sheet 
resistance  is  due  to  the  formation  of  radiation-induced  defects.  MESFET  is  a majority 
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carrier  device.  At  low  dosage  level,  the  point  defects  induced  within  the  substrate  start  to 
accumulate  but  the  number  of  point  defects  are  negligible  compared  to  the  free  carrier 
concentration.  With  increasing  radiation  time  and  higher  radiation  dosage,  more  point 
defects  accumulate  inside  the  device.  Once  the  defect  concentration  reached  a certain 
level,  distinct  changes  were  observed  in  device  characteristics.  This  explains  why  sheet 
resistance  characteristic  shows  two  different  behaviors  over  the  whole  radiation  dosage. 


Figure  5-3.  Sheet  resistance  as  a function  of  radiation  dosage. 

Figure  5-4  and  5-5  show  threshold  voltage  and  sub-threshold  voltage  as  a function 
of  gate  voltage  at  varied  radiation  dosage,  respectively.  There  was  a reduction  in  both  of 
threshold  voltages  after  X-ray  irradiation  through  the  formation  of  electron  trap  centers. 

As  shown  in  Figure  5-4,  the  threshold  voltage  didn’t  show  obvious  change  until  radiation 
dosage  is  higher  than  750Mrads.  In  Figure  5-5,  the  range  of  change  of  sub-threshold 
voltage  is  within  1 ,5V.  We  didn’t  see  any  big  difference  in  sub-threshold  voltage  in  the 
dosage  range  from  800Mrads  to  1630Mrads,  although  sub-threshold  voltage  showed  a 
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good  trend  versus  radiation  dosage  from  120Mrads  to  800Mrads.  Therefore,  sub- 
threshold voltage  is  not  a suitable  characteristic  to  use  for  tracking  radiation  induced 
changes. 


Radiation  Dosage  (MRads) 


Figure  5-4.  Sub-Threshold  Voltage  as  a function  of  Gate  Voltage  at  Varied  Radiation 
Dosage. 
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Figure  5-5.  Sub-Threshold  Voltage  as  a function  of  Gate  Voltage  at  Varied  Radiation 
Dosage. 
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Figure  5-6  shows  the  drain-source  saturation  current  change  before  and  after  X- 
ray  irradiation  and  saturation  current  as  a function  of  radiation  dosage.  Radiation- 
induced  damage  effects  are  observed  in  saturation  current  as  illustrated  in  Figure  5-6.  A 
drop  in  saturation  current  is  caused  mainly  by  the  formation  of  electron  trap  centers 
within  the  active  channel  of  the  device.  Both  carrier  concentration  and  mobility 
deteriorated  due  to  radiation.  The  degradation  of  carrier  mobility  was  result  of  increased 
scattering  by  radiation-induced  defects.  In  Figure  5-7,  measurements  for  radiation 
dosage  higher  than  169Mrads  revealed  a decrease  in  saturation  current.  The  saturation 
current  decreased  monotonically  with  increasing  radiation  dosage  and  there  was  about 
6mA  drop  in  saturation  current  for  a radiation  dosage  of  1630Mrads  at  gate  voltage  equal 
to  -2V.  Compared  to  sheet  resistance,  the  saturation  current  is  more  sensitive  to  point 
defects  and  linear  related  to  the  radiation  dosage  than  sheet  resistance.  Therefore,  a 
radiation  dosage  detector  can  be  made  of  a GaAs  MESFET  by  monitor  the  sheet 
resistance  or  saturation  current  of  the  device. 

The  effects  of  X-ray  irradiation  on  GaAs  MESFET  dc  characteristics  were 
investigated.  There  was  a trend  shown  in  sub-threshold  voltage,  however,  the  change  was 
not  obvious  enough  to  be  used  as  a monitor  of  radiation.  The  changes  of  drain  saturation 
current  and  sheet  resistance  showed  a reversal  proportion  to  the  cumulative  dosage  of 
radiation.  Therefore,  drain  saturation  current  and  sheet  resistance  of  GaAs  MESFET  can 
be  employed  as  a indicator  of  radiation  dosage  from  120Mrads  to  1630Mrads 
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Figure  5-6.  Drain-Source  Saturation  Current  Change  before  and  after  X-ray  irradiation. 
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Figure  5-7.  Drain  saturation  current  as  a function  of  the  radiation  dose. 
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5.2  Proton  and  Gamma-Ray  Irradiation  Effects  on  InGaP/GaAs  Heteroi unction  Bipolar 

Transistors 

5.2.1  Introduction 

InGaP/GaAs  Heterojunction  Bipolar  Transistors  (HBTs)  are  widely  used  in 
wireless  communication  applications  such  as  hand-held  phones  and  satellite 
communication  links"74'182' 195).  The  radiation  hardness  of  HBTs  is  one  of  the  critical 
factors  that  need  to  be  established  for  military,  space  and  nuclear  industry  applications. 
Previous  results  on  AlGaAs/GaAs  HBTs  have  indicated  that  these  devices  have  superior 
y-radiation  resistance  to  GaAs  metal-semiconductor  field  effect  transistors  (MESFETs) 
due  to  the  higher  doping  levels  in  the  active  regions' 196'202).  There  is  little  information 
available  on  the  response  of  InGaP/GaAs  HBTs  to  ionizing  radiation.  The  replacement 
of  AlGaAs  as  the  emitter  material  by  InGaP  has  been  prompted  by  improving  resistance 
to  oxidation  and  better  junction  characteristics.  Lower  defect  levels  higher  etch 
selectivity  improved  device  performance  and  yield"75, 178, 195). 

In  this  paper,  we  report  a study  of  the  effects  of  both  y-radiation  and  proton 
radiation  on  the  dc  performance  of  InGaP/GaAs  HBTs.  The  devices  were  exposed  to 
either  a 600Ci  Cobolt60  source  for  accumulated  doses  of  175  or  500  MRad  or  to  a 40MeV 
proton  beam  for  doses  of  5xl06  or  5xl09  cm'2.  The  proton  irradiation  conditions 
correspond  to  doses  of  3.65  days  to  10  years  in  low  earth  orbit. 

5.2.2  Experimental 

The  layer  structure  were  grown  by  Metal  Organic  Molecular  Beam  Exitaxy  on 
undoped,  semi-insulating  GaAs(lOO)  substrates' 183).  The  n+-GaAs  Si-doped  (n=3xl018 
cm'3)  sub-collector  (0.6pm  thick)  was  followed  by  an  n'-GaAs  Si-doped  (n=2xl016  cm'3) 


98 


collector  (0.4pm  thick),  p+-GaAs  C-doped  (p=7xl019  cm'3)  base  (0.07pm  thick),  n+- 
Ino.5Gao.5P  Si-doped  (n=8xl018  cm'3)  emitter  (0.08pm  thick)  and  a 0.02  pm  grade  to  a n+- 
GaAs  Si-doped  (n=l  ,5x  1 019  cm'3)  emitter  contact  layer  (0.2pm  thick).  HBTs  with 
emitter  dimension  75pm  were  fabricated  by  wet  chemical  etching.  Lift-off  of  e-beam 
deposited  Au/Ga/Ni  and  Ti/Pt/Au  was  employed  for  ohmic  contacts  to  the 
emitter/collector  and  base  layer,  respectively(203). 

The  irradiations  were  performed  in  two  separate  facilities.  For  the  Co60  source, 
the  calibration  of  radiation  dose  was  performed  with  radiochromic  films  and  ion  chamber 
radiation  meters(204).  The  proton  irradiations  were  performed  at  the  Texas  A&M 
cyclotron  with  40MeV  protons  at  fluences  of  5x1 06  or  5xl09  cm'2,  with  the  higher  dose 
equivalent  to  at  least  10  years  exposure  in  low  earth  orbit(205).  The  projected  range  of  the 
protons  is  > 50pm.  Measurements  were  taken  ~50  hours  after  irradiation.  The  device  dc 
characteristics  were  measured  at  room  temperature  with  an  HP  4145B  parameter 
analyzer. 

5.2.3  RESULTS  AND  DISCUSSION 

(a)  y-Irradiation 

Where  devices  irradiated  with  the  175MRad  dose  shown  no  visible  changes  in 
appearance,  the  contact  metal  morphology  was  found  to  be  degraded  after  the  500MRad 
exposure  (Figure  5-8).  This  is  not  due  to  a temperature  rise  of  the  sample,  but  appears  to 
be  a main  result  of  the  y-radiation  on  the  metal  or  the  oxide  underneath  the  metal^202( 
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Figure  5-8.  Optical  micrograph  of  HBT  after  500MRad  y-ray  dose. 

The  forward  current-voltage  (I-V)  characteristics  from  the  emitter-base  (e-b) 
junction  are  shown  in  Figure  5-9  (left)  as  a function  of  y-dose.  Let  us  examine  the  effect 
of  the  radiation  exposure  on  the  three  different  regions  of  the  I-V  curves,  namely  the 
generation-recombination  region  (VF<0.7V),  diffusion  region  (0.7<VF<1.1V)  and  the 
series-resistance  section  (VF>1.1V).  At  very  low  bias  (<0.3 V),  there  is  an  obvious 
increase  in  leakage  current  whose  magnitude  is  proportional  to  dose.  At  slightly  higher 
bias  (0.3-0. 5V),  the  higher  dose  HBT  displays  the  effect  of  a reduction  in  free  carrier 
density.  In  the  diffusion  current  region  of  the  I-V  curves,  the  junction  ideality  factor  (n) 
was  calculated  and  is  shown  in  Figure  5-9  (right).  The  n value  increases  only  slightly 
with  dose.  In  the  region  dominated  by  series  resistance,  there  is  most  likely  due  to  a 
decrease  in  free  carriers  because  of  deep  traps  created  by  the  absorbed  y-rays. 
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Figure  5-9.  E-B  junction  forward  I-V  characteristics  (left)  and  ideality  factor  (right)  as  a 
function  of  y-ray  dose. 


The  reverse  I-V  characteristics  from  the  e-b  junction  are  shown  in  Figure  5-10 
(left)  as  a function  of  dose.  The  breakdown  voltage  (VB)  of  this  junction  is  determined 
by  the  competition  between  two  mechanisms,  namely  creation  of  surface  defects  and  bulk 
traps.  For  doses  less  than  175MRad,  the  reverse  breakdown  is  dominated  by  surface 
recombination  defects  which  increase  the  leakage  current  and  produce  a reduction  in  VB 
(Figure  5-10,  right).  The  higher  doses  the  loss  of  free  carriers  by  trapping  into  bulk 
defects  dominates  and  leads  to  an  increase  of  VB  towards  the  control  value.  These  results 
are  consistent  with  the  forward  I-V  data. 

A similar  phenomenon  was  observed  in  the  reverse  breakdown  characteristics 
from  the  base-collector  (b-c)  junction,  as  shown  in  Figure  5-11. 
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Figure  5-10.  E-B  junction  reverse  I-V  characteristics  (left)  and  reverse  breakdown 
voltage  (right)  as  a function  of  y-ray  dose. 


Figure  5-11.  B-V  junction  reverse  I-V  characteristics  (left)  and  reverse  breakdown 
voltage  (right)  as  a function  of  y-ray  dose. 


The  common-emitter  characteristics  from  the  HBTs  before  and  after  y-irradiation 
are  shown  in  Figure  5-12.  The  radiation  damage  causes  two  effects.  The  first  effect  is  an 
increase  in  the  turn-on  voltage  of  the  collector-emitter  junction  due  to  an  increase  in 
emitter  resistance.  The  second  effect  is  a change  in  slope  of  the  initial  part  of  the  curves. 
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due  to  an  increase  in  collector  resistance.  These  results  are  consistent  with  creation  of 
deep  electron  trap  states  in  both  the  emitter  and  collector  layers. 
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Figure  5-12.  Common-Emitter  characteristics  before  and  after  y-irradiation  at  different 
doses. 


The  dc  current  gain  in  the  HBTs  was  obtained  from  the  Gummel  plots  for  the 
different  doses,  as  shown  in  Figure  5-13.  The  gain  was  found  to  decrease  monotonically 
with  dose  from  a control  value  of  48  down  to  22  after  the  500MRad  dose.  Both  the  base 
and  collector  currents  were  decreased  by  radiation  exposure. 
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Figure  5-13.  Gummel  plots  (left)  and  current  gain  (right)  as  a function  of  y-ray  dose. 

(b)Proton  Irradiation 

The  proton  doses  we  employed  did  not  degrade  the  contact  metallization  and  did 
not  have  as  large  an  effect  on  the  forward  e-b  junction  characteristics  as  the  y-radiation. 
Figure  5-14  (left)  shows  the  Ib-VBe  characteristics  as  a function  of  proton  dose,  while  the 
junction  ideality  factors  are  shown  at  the  right  of  the  figure.  There  is  a relatively  minor 
increase  in  the  generation-recombination  region  of  the  characteristics,  as  shown  in  more 
detail  in  Figure  5-15  (left).  In  addition,  the  increase  in  series  resistance  of  the  junction  is 
small  (Figure  5-15,  right).  These  results  show  the  remarkable  resistance  of  InGaP/GaAs 
HBTs  to  proton  damage  and  the  highly  promising  nature  of  these  devices  for  space-borne 
Applications. 
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Figure  5-14.  E-B  junction  forward  I-V  characteristics  (left)  and  ideality  factor  (right)  as  a 
function  of  proton  dose. 


Figure  5-15.  E-B  junction  forward  I-V  characteristics  from  series  resistance  dominated 
region  (left)  and  generation-recombination  region  (right)  as  a function  of  proton  dose. 


Similar  relatively  small  changes  were  observed  in  the  reverse  e-b  junction  I-V 
characteristics,  as  shown  in  Figure  5-16.  The  decrease  in  breakdown  voltage  is  -0.45V 
even  after  a dose  of  5x1 09  proton/cm2.  Changes  of  a similar  magnitude  were  observed  in 
the  base-collector  junction  breakdown  voltage  with  an  increase  from  -1 1 ,7V  in  the 
control  devices  to  -12.3V  in  those  exposed  to  5xl09  proton/cm2. 


105 


Figure  5-16.  E-B  junction  reverse  I-V  characteristics  (left)  and  reverse  breakdown 
voltage  (right)  as  a function  of  proton  dose. 


The  common-emitter  characteristics  before  and  after  the  low  dose  exposure  are 
shown  in  Figure  5-17  (left).  For  this  condition,  there  is  no  shift  in  the  turn-on  voltage  or 
change  in  slope  of  the  characteristics.  By  sharp  contact  to  the  case  of  y-irradiation,  the 
collector  current  actually  increases  as  a result  of  exposure  to  the  proton  beam.  The  right 
of  Figure  5-17  shows  the  ratio  of  the  collector  current  after  proton  irradiation  to  its  value 
in  control  HBTs.  These  results  suggest  that  at  least  some  of  the  proton-induced  damage 
has  n-type  nature  and  decrease  the  collector  resistance. 


Control  5x  10‘  5*  10’ 
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Figure  5-17.  Common-emitter  characteristics  (left)  and  normalized  change  in  collector 
current  (right)  as  a function  of  proton  dose. 
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Figure  5-18  (left)  shows  the  Gummel  plots  before  and  after  proton  irradiation, 
while  the  right  of  the  Figure  shows  the  changes  in  dc  current  gain  relative  to  the  control 
value.  Note  that  the  gain  remains  above  its  initial  value  for  both  proton  doses.  The 
reason  for  the  incresase  in  gain  can  be  determined  from  the  relative  changes  in  base  and 
collector  sheet  resistance  (Figure  5-19),  measured  from  transmission  line  data.  The  base 
resistance  increases  with  proton  dose  (i.e.  the  carrier  density  decreases  due  to  the 
introduction  of  hole  traps),  whereas  the  collector  sheet  resistance  decreases  under  the 
same  conditions.  It  is  clear  that  the  defects  created  by  y-radiation  and  proton  damage 
differ  in  their  electrical  properties  and  hence  on  the  effect  on  HBT  performance. 
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Figure  5-18.  Gummel  plots  (left)  and  normalized  current  gain  (right)  as  a function  of 
proton  dose. 
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Control  5x  106  Sx  10’ 

Radiation  Dose  (cm’2) 


Figure  5-19.  Percentage  change  in  base 
function  of  proton  dose. 


or  collector  (right)  sheet  resistance  as  a 


The  InGaP/GaAs  HBTs  show  a remarkable  resistance  to  both  proton  and  y-ray 
induced  degradation.  The  proton-irradiated  devices  show  small  changes  injunction 
ideality  factor,  generation-recombination  leakage  current  and  dc  current  gain  at  doses 
equivalent  to  approximately  10  years  in  low  earth  orbit.  The  y-irradiated  HBTs  show  a 
decrease  in  current  gain  of  roughly  50%  after  a dose  of  500MRad.  The  InGaP/GaAs 
HBTs  appear  to  be  very  promising  for  terrestrial  or  space-borne  applications  where 
radiation-resistance  is  desirable. 


5.3  dc  and  rf  Performance  of  Proton-Irradiated  AlGaN/GaN  High  Electron  Mobility 

Transistors 

5.3.1  Introduciton 

High  electron  mobility  transistors(HEMTs)  fabricated  in  the  AlGaN/GaN  material 
system  show  great  potential  for  both  space-borne  and  terrestrial  applications  where  high 
power  and  elevated  temperature  operation  are  needed*76’ 206-2 12).  For  satellite-based 
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communication  systems,  weather  forecasting,  remote  sensing  or  nuclear  industry 
applications,  the  radiation  resistance  of  electronics  devices  must  be  established.  One 
would  expect  the  AlGaN/GaN  system  to  be  even  more  radiation-hard  than  the  more 
conventional  AlGaAs/GaAs  heterostructure  due  to  the  higher  displacement  energies  in 
the  nitrides(2l3).  Previous  reports  have  shown  significant  (>50%)  decreases  in 
transconductance  of  AlGaN/GaN  HEMTs  irradiated  with  1.8MeV  protons  to  doses  of 
10I4cm'2  (214).  We  have  reported  smaller  changes  (<30%)  in  transconductance  in  similar 
HEMTs  exposed  to  higher  energy  (40MeV)  protons  at  lower  doses  (5xlOI0cm'2)(215). 

In  this  paper  we  report  on  the  irradiation  dose  effects  on  the  dc  performance  of 
different  AlGaN/GaN  HEMTs.  The  exposed  proton  doses  were  equivalent  to  more  than 
100  years  in  low-earth  orbit.  In  addition,  post-irradiation  annealing  at  300°C  was  studied 
for  various  annealing  times. 

5.3.2  Experimental 

The  samples  were  grown  by  rf-plasma  activated  Molecular  Beam  Epitaxy  on  2 
inch  diameter  sapphire  substrates'2 16).  The  layer  structure  and  device  schematic  are 
shown  at  the  right  of  Figure  1 . The  contacts  were  formed  by  lift-off  of  e-beam 
evaporated  metal,  with  the  ohmic  metallization  annealed  at  850°C  for  30secs.  The 
Schottky  gates  were  formed  by  optical  lithography  for  1.2  pm  gate  length  and  e-beam 
lithography  for  0.8pm  gates.  The  gate  widths  were  varied  from  100-200pm.  An  optical 
micrograph  of  a completed  device  is  shown  at  the  left  of  Figure  5-20.  The  devices  were 
measured  before  after  irradiation  with  40MeV  protons  at  fluences  of  5xl09-5xl010cm'2. 
Post-irradiation  annealing  was  performed  at  300°C  under  N2  for  periods  of  1-8  minutes. 
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Figure  5-20.  HEMT  schematic  (left)  and  optical  micrograph  of  completed  device  (right). 
5.3.3  Results  and  Discussions 

Figure  5-21  shows  transfer  characteristics  of  the  smallest  (0.8x1 00pm2)  and 
largest  (1.2x200pm2)  HEMTs  before  and  after  proton  irradiation.  The  extrinsic 
transconductance  (gm)  decreases  more  with  the  higher  fluence  and  the  peak  shifts  to 
slightly  more  positive  gate  voltages  along  with  the  threshold  voltage  (VTH).  Since  gm  = 
5Ids/3Vg,  the  decrease  with  irradiation  can  be  explained  by  a decrease  in  drain-source 
current  due  to  an  increase  in  channel  resistance. 
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Figure  5-21.  Transfer  characteristics  for  0.8x1 00pm2  (left)  and  1.2x200pm2  (right) 
HEMTs  before  and  after  proton  irradiation. 

Figure  5-22  shows  the  variation  of  gm  with  proton  dose  as  a function  of  both 
HEMT  gate  length  and  width.  There  is  no  systematic  effect  of  device  size  on  the 
decrease  in  gm  for  either  of  the  proton  fluences.  Note  the  relatively  small  percentage 
decrease  (9-15%)  for  a dose  of  5xl09cnT2,  corresponding  to  more  than  10  years  in  low 
earth  orbit. 

Supporting  evidence  for  the  notion  that  the  proton  irradiation  leads  to  an  increase 
in  channel  resistance  comes  from  the  data  in  Figure  5-23,  showing  the  reverse  breakdown 
voltage  (V b)  as  a function  of  dose.  Since  Vb  is  inversely  proportional  to  the  doping  in  the 
channel,  this  data  suggests  that  the  protons  traversing  the  devices  (the  projected  range  of 
40MeV  protons  is  >50pm)  create  deep  trap  states  that  remove  electrons. 
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Figure  5-22.  Transconductance  as  a function  of  proton  fluence  for  HEMTs  with  different 
gate  lengths  and  gate  widths. 


Figure  5-23.  Reverse  breakdown  voltage  from  devices  with  different  gate  lengths  and 
widths,  as  a function  of  proton  fluences. 
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Figure  5-24  shows  the  drain-source  current-voltage  characteristics  (Ids-Vds)  from 
0.8x  100pm  (left)  and  0.8x1 00pm  (right)  devices  before  and  after  irradiation.  The  main 
effect  of  the  proton-induced  damage  is  a reduction  in  IDs,  which  could  be  due  either  to  a 
decrease  in  electron  concentration  in  the  channel  or  a decrease  in  saturated  carrier 
velocity.  The  initial  slope  of  the  curves  at  low  bias  also  shows  a decrease.  This  has 
previously  been  ascribed  to  a decrease  in  both  carrier  density  and  mobility  in  proton- 
damaged  AlGaN/GaN  HEMTs(214).  The  decrease  in  Ids  is  30-50%  at  the  highest  dose 
employed  here. 
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Figure  5-24.  IDs-VDs  characteristics  from  0.8x1 00pm2  (left)  and  1.2x200pm2  (right) 
HEMTs  before  and  after  proton  irradiation  at  two  different  fluences.  In  the  case  of  the 
irradiated  devices,  only  the  uppermost  curves  are  shown  for  the  sake  of  clarity. 


The  forward  I-V  characteristics  from  HEMTs  with  two  different  sets  of  gate 
widths  and  lengths  are  shown  in  Figure  5-25  for  both  the  pre-  and  post-irradiation 
conditions.  The  current  is  decreased  over  the  entire  voltage  range,  which  again  is 
consistent  with  an  increase  in  channel  resistance  as  a result  of  the  proton  irradiation. 
There  was  no  significant  change  in  ideality  factor  in  the  HEMTs  and  little  difference  in 
forward  current  density  for  the  two  different  proton  fluences. 
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Figure  5-25.  Forward  gate  characteristics  from  0.8x1 00pm2  (left)  and  1.2x200pm2 
(right)  HEMTs  before  and  after  proton  irradiation  at  two  different  doses.  The  flat  regions 
at  high  forward  bias  are  due  to  compliance  limits  on  the  test  setup. 


The  reverse  recovery  characteristics  from  control  and  proton-damaged  HEMTs 
switched  from  2V  to  -3V  are  shown  in  Figure  5-26  for  1.2x200pm2  devices.  Apart  from 
the  reduced  forward  current  levels  in  the  irradiated  HEMTs,  there  is  no  significant  change 
in  the  switching  time.  We  propose  that  this  is  due  to  the  very  small  minority  carrier 
lifetime  in  n-GaN,  so  that  the  introduction  of  additional  defects  into  the  material  does  not 
further  degrade  it  to  a measurable  extent.  A recent  review  of  minority  carrier  properties 
in  GaN  shows  that  this  lifetime  is  typically  of  order  a few  nanoseconds(217). 
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Figure  5-26.  Reverse  recovery  characteristics  for  1.2x200pm2  HEMTs  before  and  after 
proton  irradiation. 

The  increase  in  channel  resistance  in  the  irradiated  HEMTs  led  to  a decrease  in 
the  maximum  frequency  of  oscillation  (fMAx)  of  the  devices.  Figure  5-27  shows  the 
variation  of  fMAx  with  gate  length  and  width  for  the  two  different  proton  doses.  The 
decrease  in  fMAX  is  more  obvious  for  shorter  gate  lengths  with  changes  up  to  50%  for 
0.8pm  HEMTs.  This  is  likely  a result  of  the  lower  capacitance  of  these  devices  relative 
to  1.2pm  gate  length  HEMTs,  so  that  an  increase  in  channel  resistance  has  a larger  effect 
on  fMAx-  The  reverse  recovery  characteristics  of  all  the  HEMTs  remained  unchanged 
within  experimental  error,  with  a switching  time  of  ~1.6xl  O'8  sec  for  switching  from  +2V 
to  -3V.  The  minority  carrier  lifetime  is  already  so  small  in  GaN  that  additional  defect 
creation  does  not  appear  to  degrade  it(2l8'22°l. 


115 


Figure  5-27.  fMAX  as  a function  of  gate  width  for  0.8  and  1.2pm  gate  length  HEMTs 
before  and  after  proton  irradiation  at  two  different  doses. 


Once  a device  has  been  irradiated,  there  is  a limit  to  the  temperature  at  which  it 
can  be  annealed  because  of  thermal  degradation  of  the  Schottky  metallization.  We  chose 
to  investigate  the  effects  of  post-irradiation  annealing  at  300°C  for  various  times  to  see  if 
this  process  could  restore  the  dc  performance  parameters.  Figure  5-28  shows  VTh  and  VB 
as  a function  of  annealing  time  at  300°C.  Note  that  the  annealing  process  changes  both 
parameters  in  the  unirradiated  (control)  sample  and  that  is  only  partial  recovery  in  the 
irradiated  devices  (i.e.  they  do  not  come  back  to  the  values  in  the  control  sample). 
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Figure  5-28.  Vjh  (left)  and  Vb  (right)  for  1.2x200pm2  HEMTs  irradiated  with  protons  to 
a dose  of  5xl010cm'2  and  then  annealed  at  300°C  for  various  periods. 

A more  clear-cut  demonstration  of  the  role  of  annealing  is  shown  in  Figure  5-29. 
Both  gm  and  IDs  show  an  initial  improvement  after  annealing  the  irradiated  devices  for  1 
minute,  but  essentially  no  further  change  with  annealing  up  to  8 minutes.  Once  again, 
there  is  only  partial  recovery  in  both  parameters,  with  each  reaching  -70%  of  the  control 
values. 

The  transconductance,  drain-source  current,  forward  gate  current  and  reverse 
breakdown  voltage  all  show  changes  upon  proton  irradiation,  consistent  with  a decrease 
in  electron  concentration  in  HEMT  channel.  The  main  degradation  mechanism  is 
removal  of  carriers  from  the  device  channel  by  damage-related  traps.  Reverse  recovery 
switching  times  in  the  HEMTs  were  unaffected  by  the  proton  fluences  we  investigated. 
Annealing  at  300°C  restores  gm  and  IDs  to  -70%  of  their  values  in  unirradiated  HEMTs. 
The  HEMTs  appear  to  be  promising  for  terrestrial  or  aerospace  applications  where 
radiation-resistance  is  desirable. 
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Figure  5-29.  Normalized  gm  (left)  and  IDS  (right)  for  1.2x200pm2  HEMTs  irradiated  with 
protons  to  a dose  of  5xlOlocm'2  and  then  annealed  at  300°C  for  various  periods. 


CHAPTER  6 

PASSIVATION  EFFECTS  OF  MBE-GROWTH  OXIDES  ON  NITRIDE  HEMT 
DEVICES 

6.1  Effect  of  Plasma  Enhanced  Chemical  Vapor  Deposition  of  SiNy  on  n-GaN  Schottkv 

Rectifiers 

The  electrical  properties  of  lateral  geometry  GaN  Schottky  rectifiers  were 
measured  before  and  after  deposition  of  SiNx  passivation  layers  by  conventional 
capacitively-coupled  plasma  enhanced  chemical  vapor  deposition.  The  rectifiers  showed 
changes  in  reverse  breakdown  voltages  and  higher  forward  leakage  currents  for  all 
plasma  deposition  conditions.  The  change  in  rectifier  performance  was  found  to  depend 
on  plasma  exposure  time,  incident  ion  energy,  atomic  hydrogen  neutral  flux  and  film 
stress. 

6.1.1  Introduction 

There  is  increasing  interred  in  the  use  of  GaN-based  electronic  devices  for  high 
power,  high  temperature  applications  in  more-electric  automobiles,  aircraft  and  ships  and 
in  utility  switching  for  power  flow  control196’ 98’  "•  22l-225).  The  simple  GaN  Schottky 
rectifier  would  be  an  integral  part  of  an  inverter  module  for  power  switching  and  there 
have  been  a number  of  recent  reports  of  high  breakdown  voltages  in  both  lateral  and 
vertical  geometry  diode  rectifiers199'105’ 226-23 1}.  It  is  obvious  that  these  devices  will 
require  stable  surface  passivation/encapsulation  layers  in  real-world  applications.  While 
Si02  is  one  choice,  there  have  been  reports  of  rapid  oxygen  diffusion  into  GaN  during 
plasma  enhanced  chemical  vapor  deposition  (PECVD)  of  this  dielectric(232).  The  other 
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obvious  choice  is  SiNx.  In  this  paper  we  report  on  the  electrical  characteristics  of  n-GaN 
diode  rectifiers  after  PECVD  of  thin  (<  300A)  layers.  These  layers  were  thin  enough  that 
we  could  probe  directly  through  them  to  the  underlying  contacts  on  the  GaN,  thus 
avoiding  potential  problems  arising  from  plasma  or  wet-etch  removal  of  the  SiNx.  The 
forward  and  reverse  current-voltage  characteristics  and  the  capacitance-voltage 
characteristics  from  the  diodes  were  measured  as  a function  of  the  plasma  applied  power, 
process  pressure  and  SiH4/NH3  ratio  during  the  SiNx  deposition.  The  variations  in 
electrical  characteristics  of  the  rectifiers  were  a strong  function  of  the  plasma  parameters 
during  the  dielectric  deposition  and  could  be  explained  by  invoking  mechanisms 
involving  loss  of  nitrogen  from  the  GaN  surface. 

6.1.2  Experiment 

The  GaN  layers  were  grown  by  hydride  vapor  phase  epitaxy  to  a thickness  of  ~ 
60pm  on  c-plane  A1203  substrates.  The  near  surface  carrier  concentration  was  ~2.5x  1016 
cm'3.  Lateral  rectifiers  were  fabricated  by  lift-off  of  e-beam  deposited  Pt/Au  rectifying 
contacts  (125pm  diameter)  and  Ti/Al/Pt/Au  ohmic  contacts.  The  latter  were  deposited 
first  and  were  annealed  at  850°C  for  30  sec  to  produce  the  lowest  contact  resistivity  (~10‘ 
Q-cm  ).  The  current-voltage  (I-V)  and  capacitance-voltage  characteristics  were 
recorded  on  an  HP4145A  parameter  analyzer  at  room  temperature  as  a function  of  the 
plasma  deposition  parameters. 

Thin  (-200A)  layers  of  SiNx  were  deposited  at  a substrate  temperature  of  ~255°C 
using  2%  SiH4  in  N2,  5%  NH3  in  N2  and  a separate  N2  flow  as  the  precursors  in  a Plasma- 
Therm  SLR  730  PECVD  reactor.  The  silane  flow  rate  was  held  constant  at  100  standard 
cubic  centimeters  per  minute  (seem),  the  N2  flow  rate  at  400sccm,  while  the  ammonia 
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flow  rate  was  varied  from  23-160sccm.  The  process  pressure  was  varied  in  the  range 
400-900mtorr,  while  the  rf  (13.56MHz)  applied  power  was  varied  from  30-300W.  The 
deposition  rate,  refractive  index  and  wet  etch  rate  of  SiNx  in  buffered  HF  at  25°C  were 
all  measured  as  a function  of  the  plasma  parameters. 

6.1.3  Results  and  Discussion 

Figures  6-1,  6-2  and  6-3  shows  the  variation  of  SiNx  deposition  rate,  refractive 
index  and  wet  etching  rate  with  process  pressure(Figure  6-1),  rf  applied  power(Figure  6- 
2)  and  SiFl4/NFI3  ratio  by  total  flow  rate(Figure  6-3).  The  deposition  rate  was  almost 
proportional  to  process  pressure  over  the  range  we  investigated,  saturated  with  increasing 
rf  power  and  went  through  a maximum  with  SiH4/NH3  ratio.  The  refractive  index 
saturated  with  process  pressure,  decreased  with  applied  plasma  power  and  increased  with 
SiH4/NH3  ratio.  The  wet  etching  rate  decreased  with  increasing  process  pressure  and 
SiH4/NH3  ratio  and  increased  with  increasing  plasma  power.  These  trends  are  likely  to 
originate  in  the  amount  of  atomic  hydrogen  incorporated  into  the  SiNx  under  different 
deposition  conditions  and  in  the  degree  of  densification  by  ion  bombardment  under  ion 
energy  values  in  which  broken  bonds  are  not  being  created  in  the  growing  film.  The 
deposition  rate  is  of  particular  interest  in  the  present  work  because  it  determines  how 
quickly  the  GaN  surface  is  protected  against  further  exposure  to  the  plasma. 
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Figure  6-1 . SiNx  deposition  rate,  refractive  index  and  wet  etching  rate  as  a func 
chamber  pressure. 
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Figure  6-2.  SiNx  deposition  rate,  refractive  index  and  wet  etching  rate  as  a function  of  rf 
chuck  power. 
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Figure  6-3.  SiNx  deposition  rate,  refractive  index  and  wet  etching  rate  as  a function  of 
SiH4/NH3  flow  ratio. 


Figure  6-4  shows  the  reverse  I-V  characteristics  from  the  rectifiers  as  a function 
of  pressure(top),  rf  applied  power(center)  and  SiH4/NH3  ratio(bottom).  A decrease  in 
reverse  breakdown  voltage  (VB),  defined  as  the  reverse  bias  at  which  the  current  density 
reached  ImA-cm"2,  is  only  observed  at  high  process  pressures,  rf  power  and  high 
SiH4/NH3  ratios.  Let  us  examine  the  possible  reasons  in  each  case.  In  the  case  of 
variations  in  process  pressure,  the  SiNx  deposition  rate  is  highest  at  the  highest  pressures. 
In  this  situation,  it  appears  that  the  exposure  time  of  the  GaN  surface  is  less  important 
than  the  concentration  of  active  species  in  the  plasma.  It  is  plausible  that  the  higher 
hydrogen  content  present  at  higher  pressures  leads  to  degradation  of  the  GaN  surface 
enough  preferential  loss  of  nitrogen  according  to  the  reaction  GaN  + H°  ->  NH3  + GaN  + 
Nv,  where  Nv  are  nitrogen  vacancies  which  have  shallow  donor  states  in  the  GaN 
bandgap.  The  increased  n-type  doping  near  the  surface  would  produce  surface-initiated 
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breakdown  at  lower  biases  than  in  stoichiometric  material(98).  In  the  case  of  varying  the 
rf  power  applied  to  the  plasma,  the  degradation  in  VB  is  highest  at  either  very  low  or  very 
high  powers.  In  the  situation  of  low  applied  powers,  the  SiNx  deposition  rate  is  small 
and  therefore  the  GaN  surface  is  exposed  to  the  ion  flux  and  atomic  hydrogen  neutral  flux 
for  a relatively  longer  time.  In  the  situation  of  high  applied  powers,  both  of  these  fluxes 
will  be  larger  and  hence  result  in  more  degradation  of  the  GaN  surface  even  though  the 
exposure  time  to  the  plasma  will  be  shorter.  In  the  case  of  varying  the  SiH4/NH3  ratio, 
the  decreases  in  VB  occurred  for  the  highest  values  of  this  parameter,  i.e.  where  the 
deposition  rate  has  a minimum  (see  Figure  6-3).  Once  again,  under  these  conditions  the 
exposure  time  of  the  GaN  surface  to  the  energetic  ion  bombardment  and  chemically 
active  flux  from  the  plasma  will  be  maximized. 

Figure  6-5  shows  the  numerical  values  of  VB  from  the  GaN  rectifiers  plotted  as  a 
function  of  process  pressure(top),  rf  applied  power(center)  and  SiH4/NH3  ratio(bottom). 
Note  that  the  dc  chuck  self-bias  was  very  low  (-15V)  during  the  depositions  in  which 
both  pressure  and  gas  ratio  were  varied.  The  average  incident  ion  energy  is  roughly  the 
sum  of  this  bias  voltage  and  the  plasma  potential,  which  is  very  low  (<-10V)  at  these  high 
pressures.  For  low  ion  energy  conditions,  the  increase  in  VB  occurs  mainly  through 
passivation  of  defect  states  on  the  GaN  surface  because  the  energy  needed  to  displace  on 
atom  in  a semiconductor  by  ion  bombardment  is  typically  in  the  range  25-50eV.  For  the 
case  of  varying  the  rf  chuck  power  (Figure  6-5,  center),  we  believe  the  fact  that  VB 
exhibits  a maximum  results  from  a competition  between  SiNx  deposition  rate  and 
incident  ion  energy  as  to  which  is  the  dominant  degradation  mechanism  for  the  GaN 


surface. 


124 


Figure  6-4.  Reverse  I-V  characteristics  for  GaN  rectifiers  before  and  after  deposition  with 
SiNx  as  a function  of  chamber  pressure(top,  where  30  W of  rf  power  was  used),  applied  rf 
power(center,  at  a pressure  of  900mtorr)  or  SiH4/NH3  flow  ratio(bottom,  at  an  rf  power  of 
30W  and  a pressure  of  900mtorr). 


125 


rf  Chuck  Power  (W) 


SiHyNHj  Flow  Rate  Ratio 


Figure  6-5.  Reverse  breakdown  voltage  for  GaN  rectifiers  deposited  with  SiNx  as  a 
function  of  chamber  pressure  (top),  applied  rf  power(center)  or  SiH4/NH3  ratio(bottom). 
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The  forward  I-V  characteristics  from  the  rectifiers  are  shown  in  Figure  6-6  as  a 
function  of  process  pressure(top),  rf  applied  power(center)  and  SiH4/NH3  ratio(bottom). 
Note  in  all  cases  that  there  is  an  increase  in  the  low-bias  (<1V)  forward  current  in  the 
rectifiers.  Since  the  contacts  were  already  in  place  prior  to  the  SiNx  deposition,  the 
increase  in  current  is  not  due  to  a decrease  in  barrier  height  but  rather  originates  in 
leakage  current  from  surface  states.  The  effective  barrier  heights  were  obtained  from  the 
relationship: 


J = A’T* 

Kgl 


eV 

(-4r=r)-l 


nKBr 


(6-1) 


where  A**,  the  Richardson  constant,  is  26.4  A/cm2-K2  for  n-GaN,  J the  current  density,  T 
the  measured  temperature,  Ob  the  barrier  height,  n the  ideality  factor  and  KB  is 
Boltzmann’s  constant.  The  control  (undeposited)  rectifiers  had  Ob  values  of  ~0.99eV 
and  n values  of  ~1 .4.  The  changes  in  n as  a function  of  process  conditions  are  shown  in 
Figure  6-7.  In  general,  these  ideality  factors  increase  significantly  upon  SiNx  deposition 
if  the  rf  applied  power  is  high  or  chamber  pressure  is  low.  Under  conditions  of  low  rf 
power(<200W)  or  high  pressure  (>650mtorr)  there  is  even  a slight  improvement  in  n, 
which  may  be  related  to  passivation  of  defect  states  around  the  periphery  of  the  rectifying 


contact. 
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Figure  6-6.  Forward  I-V  characteristics  for  GaN  rectifiers  before  and  after  deposition 
with  SiNx  as  a function  of  chamber  pressure(top),  applied  rf  power(center)  or  SiH4/NH3 
ratio(bottom). 
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Figure  6-7.  Change  in  diode  ideality  factor  for  GaN  rectifiers  after  deposition  of  SiNx  as 
a function  of  chamber  pressure(top),  applied  rf  power(center)  or  SiH4/NH3  ratio(bottom). 
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Finally,  C-V  measurements  performed  before  and  after  the  SiNx  deposition 
showed  significant  changes  in  the  effective  carrier  concentration  under  the  gate  contact, 
as  shown  in  Figure  6-8.  These  trends  correlated  with  the  refractive  indices  in  the 
deposited  SiNx  films  (compare  data  in  Figures  6-1  and  6-8),  which  implicates  the  stress 
induced  in  the  GaN  by  the  deposition.  These  piezo-induced  electrons  also  play  a role  in 
altering  the  breakdown  characteristics  of  the  rectifiers  and  point  up  need  to  optimize  the 
stress  properties  of  the  dielectric  for  real-world  applications(211,233).  Note  however  that 
there  are  the  additional  factors  mentioned  earlier  such  as  preferential  nitrogen  loss  from 
the  surface  and  ion-induced  damage  which  are  dominant  under  most  deposition 
conditions. 

PECVD  of  SiNx  passivation  layers  can  have  a profound  effect  on  the  I-V 
characteristics  of  GaN  Schottky  rectifiers.  The  reverse  breakdown  voltages  are  found  to 
decrease  under  some  of  the  deposition  conditions  employed,  while  the  forward  leakage 
current  is  increased  in  all  cases.  These  parameters  are  a strong  function  of  the  process 
pressure,  applied  plasma  power  and  SiH4/NH3  ratio  used  for  the  SiNx  deposition,  which 
in  turn  determine  the  amount  of  time  the  GaN  surface  is  exposed  to  the  plasma,  the 
incident  ion  energy  and  neutral  atomic  hydrogen  flux.  There  appear  to  be  at  least  three 
mechanisms  by  which  the  rectifier  performance  may  be  degraded,  including  preferential 
loss  of  nitrogen  from  the  GaN  surface,  piezo-induced  carriers  and  ion  damage.  Plasma 
deposition  conditions  that  minimize  the  plasma  exposure  time,  average  ion  energy  and 
stress  in  the  SiNx  film  lead  to  an  improvement  in  reverse  breakdown  voltage  of  the 


rectifiers. 
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Figure  6-8.  Carrier  density  obtained  from  C-V  measurements  on  GaN  rectifiers  after 
deposition  of  SiNx  as  a function  of  chamber  pressure(top),  applied  rf  power(center)  or 
SiFLt/NFb  ratio(bottom). 
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6.2  Influence  of  PECVD  Deuterated  SiNX  on  GaAs  MESFETs  and  GaAs/AlGaAs  HBTs 
The  degradation  of  electrical  characteristics  of  GaAs  MESFETs  and  HBTs  can 
occur  during  PECVD  of  SINX  passivation  films  through  the  hydrogen  passivation  of 
dopants  or  creation  of  deep  traps  by  ion  bombardment  or  preferential  loss  of  As.  In  this 
paper  we  report  in  the  dc  characteristics  of  MESFETs  and  HBTs  deposited  with  SiNx 
using  deuterated  precursors  (SiD4/ND3).  For  the  MESFETs,  changes  in  IDS,  gm  and 
channel  sheet  resistance  were  typically  < 25%,  with  process  pressure  being  the  most 
important  parameter.  For  the  HBTs,  changes  in  p and  sheet  resistance  of  the  base  and 
emitter  layers  were  again  typically  < 1 5%  for  the  conditions  we  investigated. 

6.2.1  Introduction 

GaAs/AlGaAs  heterojunction  bipolar  transistors  (HBTs)(136'l46,234'244>  and  GaAs 
metal  semiconductor  field  effect  transistors  (MESFETs)  form  the  basis  of  high  speed 
lightwave  communication  systems,  microwave  power  amplifiers  and  digital  wireless 
devices* 144'158, 165-173>245-252)  jn  b0th  types  of  device,  a key  processing  step  is  the 
deposition  of  an  encapsulation/passivation  layer,  which  is  usually  a dielectric  such  as 
SiNx(162).  Since  this  step  is  typically  carried  out  by  plasma  enhanced  chemical  vapor 
deposition  (PECVD)  using  SiH4  and  NH3  as  the  precursors,  there  are  a number  of 
possible  problems  that  may  arise  due  to  changes  in  the  electrical  properties  of  the  GaAs 
upon  exposure  to  the  plasma  environment.  One  of  these  uses  is  the  hydrogen  passivation 
of  donors  in  the  MESFET  channel  or  HBT  emitter/collector  layers  through  the  reaction 

Si + + H'  ->  (SiH)°  (6-2) 

Or  the  hydrogen  passivation  of  carbon  acceptors  in  the  HBT  base  through  the 


reaction. 
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C ' + H + ->  (CH)°  (6-3) 

A second  potential  problem  is  creation  of  surface  states  around  the  periphery  of 
the  device  contacts  through  ion  bombardment  from  the  plasma.  These  defect  states  may 
include  those  due  to  preferential  loss  of  the  group  V element  through  reaction  with 
atomic  hydrogen. 

One  method  for  minimizing  these  effects  is  to  use  deuterated  precursors  for  the 
PECVD  of  SiNx-  The  potential  advantages  are  the  lower  diffusivity  of  2H  relative  to  'H 
(by  a factor  of  V2  at  all  temperatures)  and  the  shallower  range  of  2H+  ions.  In  this  paper 
we  report  on  the  effects  of  PECVD  of  SiNx  using  SiD4  and  ND3  on  the  dc  performance 
of  GaAs  MESFETs  and  GaAs/AlGaAs  HBTs. 

6.3.2  Experiment 

(a)  MESFETs 

The  semi-insulating  GaAs  surface  were  given  a blanket  implant  of  29Si+  ions  at  a 
dose  of  a 3xl012cm'2  at  50keV  in  selected  areas  to  form  the  source/drain  regions. 
Annealing  at  900°C  for  10s  was  performed  capless  in  a Heatpulse  410  rapid  annealer 
under  a flowing  N2  ambient  with  the  wafers  contained  in  SiC-coated  graphite  susceptor. 
An  overpressure  of  arsenic  vapor  was  provided  by  filling  reservoirs  in  graphite  susceptor 
with  powdered  GaAs.  Contacts  were  formed  by  lift-off  of  Au/Ge/Ni/Au  (alloyed  at 
420°C,  30s)  for  source/drain  and  Ti/Pt/Au  for  the  gate.  The  gate  length  was  1pm  and 
width  30pm.  The  dc  characteristics  were  measured  on  a parameter  analyzer. 

(b)  HBTs 

The  HBTs  were  grown  on  semi-insulating,  (100)  GaAs  substrates  by  metal 
organic  molecular  beam  epitaxy,  as  described  previously.  The  layer  structure  consisted 
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of  6000 A Si-doped  n+-GaAs  (n=3xl018cm'3)  subcollector,  4000A  Si-doped  n-GaAs 
(n=2xlOl6cm'3)  collector,  700  A C-doped  p+-GaAs  (p=7xlOl9cm'3)  base,  800  A Si-doped 
1A-Alo.3Gao.7As  (n=8xl018cm'3)  emitter,  a 200A  grade  to  a 2000A  Si-doped  n+-GaAs 
(n=1.5xl019cm'3)  emitter  contact  layer.  Large  area  (emitter  diameter  of  90pm)  HBTs 
were  fabricated  with  wet  chemical  etching  and  used  AuGeNi  based  metallization  for 
emitter  contacts  and  Ti/Pt/Au  for  the  base  contacts. 

Both  the  MESFETs  and  HBTs  were  deposited  with  —125  A of  SiNx  using  SiD4 
and  ND3  as  the  precursors  at  a temperature  of  255°C.  The  rf  input  power  was  varied 
from  30-150W(13.56MHz)  and  process  pressure  from  600-900mTorr.  The  devices  were 
test  by  probing  through  the  dielectric  to  the  underlying  contacts. 

6.3.3  Results  and  Discussion 
(a)  MESFETs 

Figure  6-9  shows  the  Ids-Vds  and  gate  current  characteristics  from  MESFETs 
deposited  with  SiNx  at  different  pressures.  From  data  of  this  type  we  were  able  to 
construct  the  plots  of  Figure  6-10,  which  shows  the  effect  of  process  pressure  on  the 
drain-source  current  (Ids),  transconductance  (gm),  reverse  breakdown  voltage  (VBR)  and 
channel  sheet  resistance  (Rs).  Both  IDS  and  gm  show  a linear  variation  with  process 
pressure.  This  is  consistent  with  the  carrier  loss  being  mainly  due  to  creation  of  deep 
traps  by  ion  bombardment  since  the  ion  flux  will  be  higher  at  lower  pressure.  The  sheet 
resistance  change  is  also  larger  at  lower  process  pressure.  However,  the  reverse 
breakdown  voltage  shows  its  largest  decreases  at  the  highest  pressure.  This  suggests  that 
Vbr  is  dominated  by  surface  leakage  pass  around  the  contact  periphery  and  that  these 
states  may  be  related  to  preferential  loss  of  As. 
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Figure  6-9.  Ids-Vds  (left)  and  gate  current  (right)  characteristics  from  MESFETs 
deposited  with  SiNx  at  different  pressures. 


Figure  6-10.  Changes  in  IDS  and  gm  (left)  and  VBR  and  Rs  (right)  from  MESFETs 
deposited  with  SiNx  at  different  pressures. 

Figure  6-1 1 shows  the  effect  of  SiD4/ND3  ratio  on  IDS,  gm  VBR  and  Rs.  Once 
again  IDS,  gm  and  Rs  show  their  largest  change  at  the  highest  SiD4/ND3  ratio,  which 
indicates  that  the  atomic  deuterium  concentration  is  highest  under  these  conditions. 
Similarly,  VBR  shows  the  inverse  trend,  which  indicates  that  loss  of  carriers  is  not  the 
dominant  mechanism  for  the  changes  in  this  parameter. 
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Figure  6-11.  Changes  in  IDS  and  gm  (left)  and  VBR  and  Rs  (right)  from  MESFETs 
deposited  with  SiNx  at  different  SiD4/ND3  gas  flow  ratios. 


The  effect  of  rf  plasma  input  power  during  the  SiNx  deposition  is  shown  in  Figure 
6-12.  Note  that  the  relative  magnitude  of  the  changes  in  IDS  and  gm  are  small  (<  ±5%), 
which  V Br  and  Rs  go  through  maximum  or  minimum  with  rf  power  during  the 
deposition. 


Figure  6-12.  Changes  in  IDS  and  gm  (left)  and  VBR  and  Rs  (right)  from  MESFETs 
deposited  with  SiNx  at  different  rf  powers. 


(b)  HBTs 
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Figure  6-13  shows  the  B-C  reverse  I-V  characteristics  and  gummel  plots  before 
and  after  SiNx  deposition  at  1 10W  rf  power,  SiD4/ND3  flow  rate  ratio  of  1.5,  chamber 
pressure  of  900mTorr  and  deposition  temperature  of  255°C.  There  was  actually  a bigger 
increase  in  reverse  BC  junction  breakdown  voltage  at  30  W rf  power,  which  indicates  that 
the  HBT  behavior  is  more  affected  by  hydrogen  passivation  of  dopants  rather  than 
creation  of  deep  traps  by  ion  bombardment. 


v.(V) 


Figure  6-13.  Ibc-Vbc  (left)  and  Gummel  plots  (right)  from  HBTs  before  and  after 
deposition  with  SiNx  using  either  hydrogenated  or  deuterated  precursors  at  110W  rf 
power. 


Figure  6-14  shows  a comparison  of  the  effects  of  deuterated  verse  hydrogenated 
precursors  on  the  change  of  BC  reverse  breakdown  voltage  and  current  gain  (P)  in  the 
HBTs,  as  a function  of  the  rf  power  during  SiNx  deposition,  along  with  the  changes  in 
base  and  emitter  sheet  resistance  (Rs-base  and  Rs-emitter-  respectively).  Note  that  the 
current  gain  differences  are  small  (<2%),  which  the  sheet  resistance  changes  are  larger 
(<1 5%).  The  largest  effect  is  seen  on  the  VBR  of  the  BC  junction.  This  breakdown 
voltage  is  inversely  proportional  to  the  carrier  concentration  in  the  base  and  collector 


137 


layers.  The  change  in  current  gain  can  be  explained  from  the  observed  changes  in  emitter 
and  base  sheet  resistance. 


Figure  6-14.  Changes  in  V br-bc>  P,  Rs-base  and  Rs-emitter  from  HBTs  deposited  with 
SiNx  at  different  rf  powers. 


The  effects  of  SiD4/ND3  flow  ratio  on  VBr  of  the  BC  junction,  p and  the  base  and 
emitter  sheet  resistances  are  shown  in  Figure  6-15.  Similar  trends  were  observed  as  with 
the  rf  power  in  the  sense  that  VBr  of  the  BC  junction  showed  the  largest  changes  and  the 
other  parameters  showed  variations  of  <10%. 


138 


Figure  6-15.  Changes  in  Vbr-bc,  P,  Rs-base  and  Rs-emitter  from  HBTs  deposited  with 
SiNx  at  different  SiD4/ND3  gas  flow  ratios. 


Finally,  Figure  6-16  shows  the  effect  of  deposition  pressure  on  VBR  of  the  BC 
junction,  P and  sheet  resistance  of  the  base  and  emitter  layers.  The  changes  in  gain  and 
sheet  resistance  are  again  quite  small  (<15%),  with  the  biggest  changes  observed  in 
breakdown  voltage  of  the  BC  junction.  The  magnitude  of  the  changes  is  typically 
slightly  less  with  hydrogenated  precursors  relative  to  deuterated  chemicals. 
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Figure  6-16.  Changes  in  Vbr-bc,  P,  Rs-base  and  Rs-emitter  from  HBTs  deposited  with 
SiN\  at  different  process  pressure. 


There  does  not  appear  to  be  any  significant  advantage  to  use  of  deuterated 
precursors  for  the  PECVD  of  SiNx  films  on  GaAs  MESFETs  or  GaAs/AlGaAs  HBTs. 
The  changes  in  channel  sheet  resistance  and  drain-source  current  of  MESFETs  is 
typically  <10%,  while  similar  magnitude  changes  were  observed  in  dc  current  gain  and 
base  and  emitter  sheet  resistance  of  HBTs.  The  PECVD  process  produces  minimal 
changes  at  higher  pressure,  lower  powers  and  relatively  low  SiH4/NH3  flow  ratios. 


CHAPTER  7 

PASSIVATION  EFFECTS  OF  MBE-GROWTH  OXIDES  ON  NITRIDE  HEMT 
DEVICES 

7.1  Gas  Source  Molecular  Beam  Epitaxy  Grown  Oxide 

Sc203  growth  was  performed  in  a modified  RIBER  2300  MBE  equipped  with  a 
reflection  high-energy  electron  diffraction  (RHEED)  system,  as  shown  in  Figure  7-1. 
Oxygen  was  supplied  from  a Wavemat  MPDR  610  ECR  plasma  source  (2.54  GHz)  with 
200  watts  forward  power  at  lxlO'4  Torr  oxygen  pressure.  Sc  element  evaporated  out 
from  standard  effusion  cell  operating  at  1 130°- 1 170°C  and  the  substrate  temperature  was 
measured  using  a backside  thermocouple  that  was  calibrated  using  the  melting  points  of 
InSb  and  GaSb.  All  temperatures  reported  are  actual.  Materials  characterization  was 
provided  from  RHEED,  5 crystal  high  resolution  x-ray  diffraction  (HXRD),  atomic  force 
microscopy  (AFM)  and  Auger  electron  spectroscopy  (AES). 

The  Nitride  HEMT  sample  preparation  consisted  of  a UV-ozone  exposure  for  25 
minutes  then  indium  mounted  to  molybdenum  blocks  and  loaded  into  the  MBE.  At  room 
temperature  the  surface  of  the  substrates  was  polycrystalline  according  to  the  RHEED 
patterns. 
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ECR  PLASMA  SOLID 


From  AFM  and  SEM  results,  MBE  growth  of  SC2O3  produced  extremely  smooth 
surface.  RMS  roughnesses  of  0.5  to  0.8  nm  were  seen  for  substrate  temperatures  of 
100°C  to  600°C,  respectively.  The  MOCVD  GaN  substrates  have  RMS  roughnesses  of 
1 .0  to  2.0  nm.  Using  AES  depth  profiling  and  surface  scans,  it  was  shown  that  the  MBE 
derived  SC2O3  was  of  uniform  concentration  throughout  the  film,  as  shown  in  Figure  7-2. 
It  was  also  found  that  the  pretreatment  of  the  GaN  substrates  removed  the  carbon 
contamination  to  levels  below  the  Auger  detection  limits.  The  0:Sc  ratio,  as  measured 
from  comparing  Auger  peak  to  peak  heights,  was  0.85  to  0.90  for  substrate  temperatures 
of  600°C  and  100°C  respectively.  This  variation  in  0:Sc  ratio  is  within  the  error  of  the 
AES  detection  limits.  The  0:Sc  ratio  did  not  change  as  a function  of  cell  temperature.  A 
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SC2O3  standard  was  not  available  to  compare  against  the  thin  film  data.  The  growth  rate 
of  the  scandium  oxide  was  0.67nm/min  for  TSc=l  1 30°C  and  1 ,25nm/min  for  Tsc=l  1 70°C. 
The  growth  rate  did  not  appear  to  vary  with  changes  in  substrate  temperature. 


Figure  7-2.  Auger  Electron  Spectroscopy(AES)  depth  profile  of  Sc203  on  GaN.  The 
conditions  of  the  oxide  growth  were  TSc=l  130°C  and  Tsub=  100°C 

7.2  Essentials  of  Surface  Cleaning  before  Oxide  Growth 
7.2.1  Introduction 

AlGaN/GaN  high  electron  mobility  transistors  show  excellent  potential  for  high 
power,  high  efficiency  microwave  power  amplifiers  for  military  and  wireless 
communication  applications12"3'257).  One  of  the  frequently  reported  problems  is  that  the  rf 
power  obtained  from  GaN-based  HEMTs  is  much  lower  than  expected  from  the  dc 
characteristics1209’  253'255).  This  is  manifested  by  a significant  frequency  slump  or  collapse 
in  drain  current  which  severely  reduces  output  power  and  power-added  efficiency(76). 

The  cause  appears  to  be  the  presence  of  surface  states  between  the  gate  and  drain  of  the 
HEMT  structure  which  deplete  the  channel  in  this  region  with  time  constants  long 
enough  to  disrupt  modulation  the  channel  charge  during  large  signal  of  operation(254). 
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The  use  of  SiNx  passivation  layers  deposited  by  plasma-enhanced  chemical  vapor 
deposition  has  proven  effective  in  reducing  the  effects  of  the  surface  states(209).  However 
there  have  not  been  any  long-term  reliability  studies  demonstrating  the  stability  of  these 
layers.  Typical  PECVD  SiNx  layers  contain  high  concentrations  of  hydrogen  which  can 
migrate  into  GaN  or  into  the  gate  metallization. 

Two  alternative  passivation  materials  are  MgO  and  SC2O3,  which  are  being 
investigated  for  use  as  gate  dielectrics  for  GaN-based  MOSFETs(259'261).  These  materials 
have  the  most  attractive  bandgaps  and  thermal  and  lattice  properties  for  use  on  GaN.  In 
this  paper  we  report  the  effect  of  deposition  of  thin  films  of  MgO  and  Sc203  on  the  dc 
and  rf  performance  of  AlGaN/GaN  HEMTs.  Both  materials  can  reduce  the  reverse 
leakage  current  and  increase  fT  and  fMAX  if  the  deposition  conditions  are  optimized. 

7.2.2  Experimental 

The  HEMT  structures  were  grown  by  rf  plasma-assisted  Molecular  Beam  Exitaxy 
(MBE)  on  c -plane  sapphire  substrates.  The  layer  structures  and  dc  performance  have 
been  described  in  detail  previously^09, 257).  The  oxide  films  were  deposited  at  100°C  on 
the  completed  1.2x  100pm2  HEMTs,  using  an  rf  plasma  source  (200W,  10‘4  torr)  for  02 
and  e-beam  evaporation  of  the  Sc  (at  a source  temperature  of  1 130°C)  or  Mg  (at  a source 
temperature  of  380°C)  within  an  MBE  system.  The  deposition  thickness  was -100 A in 
all  cases  and  growth  was  initiated  with  both  the  02  plasma  and  metal  evaporation. 

Several  different  variations  of  pretreatments  (either  heating  to  300°C  or  UV-ozone 
treatment)  were  applied  prior  to  the  oxide  deposition. 

7.2.3  Results  and  Discussions 


(a)  MgO  deposition 
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Figure  7-3  shows  Ids-Vds  (top  left),  transfer  characteristics  (top  right),  reverse  I-V 
(bottom  left)  and  gate  I-V  (bottom  right)  along  with  a table  of  equivalent  circuit 
parameters  derived  from  rf  measurements  of  HEMTs  deposited  with  100 A of  MgO. 

These  include  mutual  transconductance,  gate-source  capacitance,  drain-source  resistance, 
drain-source  capacitance,  gate-drain  capacitance,  gate  resistance,  source  resistance,  drain 
resistance  and  transit  time.  The  values  for  the  control  devices  are  shown  in  the  top  line  of 
the  table  and  the  values  after  MgO  deposition  are  shown  in  the  bottom  line.  Note  that  the 
main  change  in  the  dc  characteristics  is  a reduction  in  reverse  leakage  current.  We  expect 
this  is  due  to  an  effective  passivation  of  surface  states  that  would  otherwise  contribute  to 
leakage  through  generation-recombination  processes. 

Figure  7-4  shows  similar  results  for  a HEMT  heated  to  300°C  for  5mins  prior  to 
cooling  to  100°C  for  the  MgO  deposition.  In  this  case  the  reverse  leakage  is  slightly 
increased,  without  any  significant  change  in  other  dc  parameters.  From  the  rf  data,  we 
observed  increases  in  gate-source  resistance,  source  resistance  and  drain  resistance.  We 
expect  that  at  least  part  of  these  increases  is  due  to  thermal  degradation  of  the  gate 


contact. 
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Gate  Bias  (V)  VG  (V) 
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11.824 

7.1143 

0.5773 

19.2137 

0.28151 

845.21 

0.01548 

0.03429 

2.4069 

13.926 

13.986 

12.492 

0.5152 

Figure  7-3.  dc  characteristics  (IDs-VDS,  IDS,  gm-VG,  Ir-Vg,  Ig-Vg)  and  tabulation  of 
equivalent  circuit  parameters  from  rf  measurements  (bottom)  before  and  after  100A  MgO 
deposition  without  any  other  ex-situ  or  in-situ  treatments. 
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0.3411 

Figure  7-4.  dc  characteristics  and  tabulation  of  equivalent  circuit  parameters  from 
HEMTs  heated  to  300°C  for  5mins  and  then  deposited  with  100A  of  MgO  at  100°C. 

Similar  results  we  observed  for  HEMTs  treated  in  UV-ozone  for  25mins,  then 
heated  to  300°C  for  5mins  prior  to  cooling  to  100°C  for  the  MgO  deposition.  The  reverse 
leakage  increased  slightly,  along  with  some  of  the  equivalent  resistances.  The  UV-ozone 
treatment  by  itself,  with  no  MgO  deposition  also  reduced  the  reverse  leakage  current,  as 
shown  in  Figure  7-5.  The  expected  result  of  this  process  is  the  removal  of  surface 
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hydrocarbons  and  points  to  the  critical  need  for  effective  surface  cleaning  of  the  GaN  for 
optical  device  performance. 


vG(V) 


GM 

CGS 

RDS 

CDS 

CGD 

RGS 

RG 

RS 

RD 

TAU 

18.004 

0.22420 

865.08 

0.01068 
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0.23622 

930.33 
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0.03200 
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0.3891 

Figure  7-5.  dc  characteristics  and  tabulation  of  equivalent  circuit  parameters  from 
HEMTs  heated  for  25mins  with  UV/O3  at  25°C. 


Figure  7-6  shows  a compilation  of  rf  and  dc  data  from  the  MgO  experiments. 
Condition  1 corresponds  to  MgO  deposition  with  no  ex-situ  pretreatment  or  in-situ 
thermal  treatment;  Condition  2 corresponds  to  no  ex-situ  pretreatment,  heating  to  300°C 
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for  5mins  then  cooling  to  100°C  for  MgO  deposition;  Condition  3 corresponds  to  a 
25min  UV-ozone  treatment,  heating  to  300°C  for  5 mins  then  cooling  to  100°C  for  MgO 
deposition;  Condition  4 corresponds  to  a 25  min  UV-ozone  treatment  only  with  no  MgO 
deposition.  Note  that  the  MgO  deposition  without  any  other  treatment  consistently 
improves  IDS,  gm,  fT,  and  fMAx- 
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Figure  7-6.  Tabulation  of  rf  and  dc  results  from  HEMTs  heated  as  follows:  1.  MgO  at 
100°C;  2.  heated  to  300°C  then  MgO  at  100°C;  3.  25mins  UV/03,  heated  to  300°C  then 
MgO  at  100°C;  4.  25mins  UV/03. 


150 


(b)  SC2O3  Deposition 

Figure  7-7  shows  the  data  for  HEMTs  deposited  with  100A  of  Sc203  at  100°C, 
with  no  other  surface  treatment.  There  is  no  significant  change  in  any  of  the  dc 
performance  parameters,  but  the  reverse  leakage  was  decreased.  Note  that  all  of  the 
equivalent  circuit  parameters  obtained  from  the  rf  data  do  not  show  any  change  as  a result 
of  the  SC2O3  deposition. 

The  use  of  UV-ozone  treatment  for  25mins  at  25°C  prior  to  loading  the  HEMT 
into  the  MBE  system,  heating  to  300°C  for  5mins  and  depositing  100A  of  Sc203  at  100°C 
produced  a slight  increase  in  peak  gm  but  an  increase  in  reverse  leakage  current  (Fig  7-8). 
This  result  was  very  similar  to  HEMTs  that  went  through  the  same  procedure  but  without 
the  UV/O3  treatment  and  suggests  that  this  latter  treatment  does  not  impact  the  surface 
properties  as  much  as  the  dielectric  film  itself. 
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Figure  7-7.  dc  characteristics  and  tabulation  of  equivalent  circuit  parameters  from 
HEMTs  deposited  with  100A  of  Sc203  at  100°C  without  any  other  ex-situ  or  in-situ 
pretreatments. 
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Figure  7-8.  dc  characteristics  and  tabulation  of  equivalent  circuit  parameters  from 
HEMTs  heated  for  25mins  with  UV/03  at  25°C,  heated  to  300°C  for  5mins  and  then 
deposited  with  100A  of  Sc203  at  100°C. 


Figure  7-9  shows  data  from  a HEMT  heated  for  25mins  at  25°C  in  UV/03,  dipped 
in  BOE  for  30secs  then  loaded  in  the  MBE  system,  heated  to  300°C  and  cooled  to  100°C 
for  the  SC2O3  deposition.  Note  the  reduction  in  gate  current,  which  may  result  from  a 
reduction  in  effective  channel  doping  caused  by  an  increase  in  surface  depletion.  The 
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reverse  leakage  was  also  decreased  by  the  sequence  of  processes  carried  out  on  this  set  of 
devices. 


Drain-Source  Voltage  (V) 


GM 

CGS 

RDS 

CDS 

CGD 

RGS 

RG 

RS 

RD 

TAU 

15.818 

0.22432 

516.42 

0.00831 

0.03806 

12.086 

12.048 

1.0998 

12.211 

0.25461 

11.291 

0.17725 

387.42 

0.01096 

0.02964 

12.438 

11.283 

1.6594 

7.4108 

0.10557 

Figure  7-9.  dc  characteristics  and  tabulation  of  equivalent  circuit  parameters  from 
HEMTs  heated  for  25mins  with  UV/03  at  25°C,  30sec  dip  in  BOE,  heated  to  300°C  for 
5mins  and  then  deposited  with  100A  of  SC2O3  at  100°C. 


Figure  7-10  shows  a summary  of  the  rf  and  dc  data  from  the  HEMTs  deposited 
with  SC2O3  with  different  pretreatments.  There  is  no  consistent  improvement  in  dc 
characteristics,  but  some  increases  in  both  fT  and  fMAx  for  devices  simply  deposited  with 
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SC2O3  or  treated  with  ozone,  heated  and  then  deposited  with  SC2O3.  A comparison  of  the 
data  from  MgO  passivation  shows  that  the  latter  was  more  effective  in  increasing  Ids 
which  we  suggest  is  due  to  an  increase  in  positive  charge  at  the  MgO/GaN  interface, 
resulting  in  an  increase  in  effective  sheet  carrier  concentration  in  the  channel.  This  was 
accompanied  by  an  increase  in  the  small-signal  transconductance  and  a change  in 
threshold  voltage,  which  are  both  consistent  with  an  increase  in  effective  channel  doping. 
We  have  not  yet  performed  large  signal  measurements,  in  which  one  would  expect  to 
observe  large  increases  in  saturated  power  and  power-added  efficiency  if  the  passivation 
is  truly  effective. 
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Sample  No.  Sample  No. 


Figure  7-10.  Tabulation  of  rf  and  dc  results  from  HEMTs  heated  as  follows:  1.  heated  to 
300°C  then  held  at  100°C;  2.  Sc203  at  100°C;  3.  heated  to  300°C  then  Sc203  at  100°C;  4. 
25mins  UV/03,  heated  to  300°C  then  Sc203  at  100°C;  5.  25mins  UV/03,  30sec  dip  in 
BOE,  heated  to  300°C  then  Sc203  at  100°C. 
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Two  novel  dielectrics,  MgO  and  SC2O3,  were  examined  for  passivation  of 
AlGaN/GaN  HEMTs.  A variety  of  different  pre-cleaning  treatments  were  employed 
prior  to  the  dielectric  deposition.  The  MgO  appeared  more  effective  than  Sc203  in 
increasing  drain-source  current  through  an  increase  in  surface  charge  at  the  interface  with 
the  GaN.  These  dielectrics  may  have  advantages  over  SiNx  in  terms  of  long-term  device 
stability. 

7.3  Comparison  of  Surface  Passivation  Films  for  Reduction  of  Current  Collapse  in 

AlGaN/GaN  HEMTs 

Three  different  passivation  layers  (SiNx,  MgO  and  Sc203)  were  examined  for 
their  effectiveness  in  mitigating  surface-state-induced  current  collapse  in  AlGaN/GaN 
high  electron  mobility  transistors  (HEMTs).  The  plasma-enhanced  chemical  vapor 
deposited  SiNx  produced  ~70-75%  recovery  of  the  drain-source  current,  independent  of 
whether  SIH4/NH3  or  SiD4/ND3  plasma  chemistries  were  employed.  Both  the  Sc203  and 
MgO  produced  essentially  complete  recovery  of  the  current  in  GaN-cap  HEMT  structures 
and  -80-90%  recovery  in  AlGaN-cap  structures.  The  Sc203  had  superior  long-term 
stability,  with  no  change  in  HEMT  behavior  over  5 months  aging. 

7.2.3  Introduction 

AlGaN/GaN  high  electron  mobility  transistors  (HEMTs)  show  great  promise  for 
applications  in  which  high  speed  and  high  temperature  operation  are  required,  such  as 
high  frequency  wireless  base  stations  and  broad-band  links,  commercial  and  military 
radar  and  satellite  communications*209'210, 253'256, 262‘273).  These  devices  appear  capable  of 
producing  very  high  power  densities  (>12W*mm'*),  along  with  low  noise  figures  (0.6dB 
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at  10GHz)  and  high  breakdown  voltage.  A number  of  recent  reviews  have  appeared  on 
this  topic(274'277).  The  use  of  metal-oxide-semiconductor  (MOS)  or  metal-insulator- 
semiconductor  (MIS)  gates  for  HEMTs  produces  a number  of  advantages  over  the  more 
conventional  Schottky  metal  gates,  including  lower  leakage  current  and  greater  voltage 
swing198, 260, 263, 272, 273).  Amongst  the  materials  employed  for  gate  oxide/insulators  are 

siO2(259,260>263,284)5  260,  273, 282)?  ^(283)^  ^<261.  278-281)^  Mg0(26.,285)  ^ 

noc\ 

Sc2(V  These  materials  can  also  be  employed  as  surface  passivation  layers  on 
HEMTs.  One  problem  commonly  observed  in  these  devices  is  the  so-called  “current 
collapse”  in  which  the  application  of  a high  drain-source  voltage  leads  to  a decrease  of 
the  drain  current  and  increase  in  the  knee  voltage176, 209, 254, 259'270).  This  phenomenon  can 
also  be  observed  by  a current  dispersion  between  dc  and  pulsed  test  conditions  or  a 
degraded  rf  output  power.  The  cause  is  the  presence  of  surface  states  on  the  cap  layer  or 
trapping  centers  in  the  resistive  buffer  underlying  the  active  channel.  The  carriers  in  the 
2-dimentional  electron  gas  can  be  lost  either  to  the  surface  or  buffer  traps1209, 254, 286‘289). 
The  former  may  be  mitigated  to  a greater  or  lesser  extent  by  use  of  appropriate  surface 
passivation,  most  often  SiNx  deposited  by  plasma-enhanced  chemical  vapor  deposition 
(PECVD),  while  the  latter  is  a function  of  the  epitaxial  growth  conditions.  In  the  situation 
in  which  surface  states  dominate  the  current  collapse,  the  use  of  SiNx  passivation 
typically  restores  70-80%  of  the  “lost”  current. 

We  have  recently  found  promising  results  for  two  alternative  candidates  for 
HEMT  passivation,  namely  Sc203  and  MgO(132,290).  A comparison  of  the  properties  of 
these  oxides  with  those  of  the  other  commonly  used  passivation  materials  on  GaN  is 
shown  in  Table  7-1 . They  have  smaller  lattice  mismatch  to  GaN  and  larger  bandgap  than 
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GCI2O3.  In  addition,  they  do  not  contain  hydrogen  and  may  have  advantages  over  SiNx  in 
that  respect  because  atomic  hydrogen  diffuses  rapidly  and  could  enter  the  GaN  or  gate 
metal  over  extended  periods  of  device  operation. 

Table  7-1 : Material  properties  for  GaN  and  various  dielectrics.  W = Wurtzite,  A = 
amorphous,  B = Bixbyite,  N = NaCl. 


GaN 

Si02 

SiNx 

AIN 

GGG 

Gd203 

Sc203 

MgO 

Structure 

W 

A 

A 

Wor  A 

A 

B 

B 

N 

Lattice  Constant 

3.186 

- 

- 

3.113 

10.813 

9.845 

4.2112 

Atomic  Spacing  in 
the  (1 1 1)  plane 

“ 

“ 

- 

- 

3.828 

3.4807 

2.978 

Mismatch  to  GaN 
(%) 

- 

- 

2.3 

20.1 

9.2 

-6.5 

Tmf  (K) 

2800 

1900 

2173 

3500 

2023 

2668 

2678 

3073 

Bandgap  (eV) 

3.4 

9 

5 

6.2 

4.7 

5.3 

6.3 

8 

Electron  Affinity 
(eV) 

3.4 

0.9 

0-2.9 

0.63 

0.7 

Work  Function 
(eV) 

0.9-  1.2 

2.1  - 
3.3 

4 

3.1  - 
4.4 

Dielectric  Constant 

9.5 

3.9 

7.5 

8.5 

14.2 

11.4 

14 

9.8 

In  this  paper  we  report  on  a comparison  of  SiNx,  MgO  and  Sc203  passivation 


layers  on  AlGaN/GaN  HEMTs  with  different  layer  structures  (GaN  vs  AlGaN  cap  layer) 
and  show  the  long-term  (5  month)  stability  of  the  MgO  and  Sc203  passivation.  We  find 
essentially  complete  mitigation  of  the  drain  current  collapse  in  GaN-capped  HEMTs 
passivated  with  MgO  or  Sc203,  compared  to  70-75%  recovery  with  SiNx.  For  AlGaN- 
capped  HEMTs,  the  MgO  and  Sc203  is  effective  in  restoring  -80-90%  of  the  drain 
current. 

7.2.2  Experimental 


Two  different  HEMT  structures  were  used  in  these  experiments.  The  first 
employed  a GaN  undoped  cap  layer  on  left  of  an  undoped  Al0.2Gao.8N  layer.  Both  A1203 
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and  SiC  substrates  were  used.  The  doping  in  this  structure  is  basically  due  to  piezo- 
induced  carriers.  The  second  type  of  HEMT  employed  an  undoped  Alo.3Gao.7N  cap  layer 
on  top  of  a doped  Alo.3Gao.7N  donor  layer.  The  doping  in  this  structure  is  due  to  the 
intentional  Si-doping  of  the  donor  layer.  The  ohmic  (Ti/Al/Pt/Au)  and  gate  (Ni/Au) 
contacts  were  deposited  by  e-beam  evaporation  and  patterned  by  lift-off.  Schematics  of 
the  completed  device  structures  are  shown  in  Figure  7-11. 


Figure  7-11.  Schematic  cross-sections  of  GaN-cap  (left)  and  AlGaN-cap  (right)  HEMT 
structures. 


The  100A  thick  MgO,  Sc203  or  SiNx  layers  were  deposited  on  completed  devices 
(0.25-1. 2pm  gate  length,  100pm  gate  width)  using  either  Molecular  Beam  Epitaxy 
(MBE)  for  the  oxides  or  PECVD  for  the  SiNx,  with  deposition  temperatures  of  100°C  in 
the  oxide  case  and  250°C  for  the  SiNx  case.  Details  of  the  oxide  deposition  have  been 
given  previously1132’ 290).  The  SiNx  films  were  deposited  with  either  SiH4  + NH3  or  SiD4 
+ ND3  to  examine  the  effect  of  deuterated  precursors. 

The  HEMT  dc  parameters  were  measured  in  dc  and  pulsed  mode  at  25°C,  using  a 
parameter  analyzer  for  the  dc  measurements  and  pulse  generator,  dc  power  supply  and 
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oscilloscope  for  the  pulsed  measurements.  For  the  gate  lag  measurements,  the  gate 
voltage  VG  was  pulsed  from  -5V  to  0V  at  different  frequencies  with  a 10%  duty  cycle. 
7.3.3  Results  and  Discussion 
(a)  Unpassivated  Devices 

Figure  2(left)  shows  typical  gate  lag  data  for  0.5x1 00pm2  GaN-cap  HEMT  grown 
on  sapphire  substrates.  The  decrease  in  drain-source  current  becomes  more  pronounced 
at  high  measurement  frequencies.  The  degradation  in  current  was  less  significant  when 
these  same  structures  were  grown  on  SiC  substrates,  as  shown  in  Figure  7-12  (right).  The 
defect  density  will  be  lower  in  the  latter  case  due  to  the  closer  lattice  match  between  GaN 
and  SiC  and  this  appears  to  affect  the  resultant  surface  state  density.  This  suggests  that  at 
least  some  of  the  surface  traps  are  related  to  dislocations  threading  to  the  surface. 


Figure  7-12.  Gate  lag  measurements  on  unpassivated  0.5pm  gate  length,  GaN-cap 
HEMTs  grown  on  either  sapphire  (left)  or  SiC  (right)  substrates. 

The  effects  of  both  substrate  type  and  HEMT  gate  length  on  the  change  in  drain- 
source  current  are  shown  in  Figure  7-13.  The  shorter  the  gate  length,  the  more 
pronounced  the  degradation  in  current  because  of  larger  surface  area  and  higher  electric 
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field  in  the  channel  between  source, S and  drain, D (the  S-D  distance  was  fixed  in  all 
cases). 


Figure  7-13.  Normalized  IDS  as  a function  of  both  gate  length  and  substrate  type  for  GaN- 
cap  HEMTs  at  pulse  frequency  of  1 KHz  and  1 OOKHz. 

(b)  SiNx  Passivation 

Figure  7-14  (left)  shows  the  Ids_Vds  characteristics  before  and  after  SiNx 
passivation  using  either  hydrogenated  or  deuterated  precursors.  The  inset  shows  the 
complete  set  of  curves  for  the  as-fabricated  HEMT  and  the  main  figure  shows  only  the 
uppermost  curves  for  clarity.  The  Ids  increases  after  passivation  with  either  type  of  SiNx, 
which  indicates  that  the  surface  state  density  is  decreased(260).  Similarly,  the 
transconductance  (gm)  increases  after  SiNx  deposition,  which  also  suggests  a decrease  in 
surface  trap  density  (Figure  7-14,  right)(260). 
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Figure  7-14.  Normalized  IDS  versus  VDS  (left)  or  VG  (right)  for  1.2x100pm2,  GaN-cap 
HEMTs  before  and  after  SiNx  passivation  using  either  hydrogenated  or  deuterated 
precursors. 

The  gate  lag  data  is  shown  in  Figure  7-1 5(left)  for  the  HEMTs  before  and  after 
SiNx  passivation.  Note  that  both  the  hydrogenated  and  deuterated  precursor  dielectric 
produces  a recovery  of  70-75%  in  the  drain-source  current.  This  range  represents  results 
obtained  from  five  different  devices  with  each  type  of  dielectric.  The  unity  current  gain 
frequency  (fT)  and  maximum  frequency  of  oscillation  (fMAX)  data  before  and  after 
passivation  are  shown  at  the  right  of  Figure  7-15.  Note  that  there  is  actually  a slight 
increase  in  both  parameters,  in  contrast  to  previous  reports(260).  There  were  no  systematic 
differences  between  the  results  for  hydrogenated  and  deuterated  precursor  SiNx,  even 
though  the  latter  typically  produce  slightly  denser  films  when  deposited  under  the  same 


PECVD  conditions. 
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Passivation  Layer 


Figure  7-15.  Gate  lag  measurements  before  and  after  SiNx  passivation  of  1.2x1 00pm2, 
GaN-cap  HEMTs  (left)  and  fT  and  fMAX  before  and  after  SiNx  passivation  (right). 


There  was  also  an  increase  in  forward  and  reverse  gate  currents  after  passivation 
with  SiNx,  as  shown  in  the  I-V  characteristics  in  Figure  7-16.  These  results  are  also 
consistent  with  a decrease  in  surface  depletion  and  decrease  in  surface  trap  density  and 
indicate  that  there  is  no  major  degradation  to  the  dc  performance  of  the  HEMTs  upon 
addition  of  the  SiNx  layer.  We  believe  the  increase  in  gate  leakage  is  not  from  the 
passivation  itself,  but  may  originate  from  degradation  of  the  gate  metallization  during  the 
oxide  desorption  step  at  350°C. 
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vG(V)  Vc(V) 

Figure  7-16.  Forward  (left)  and  reverse  (right)  IG-Vo  characteristics  from  1.2x1 00pm2, 
GaN-cap  HEMTs  before  and  after  SiNx  passivation  with  deuterated  precursors. 

(c)  MgO  and  SC2O3  Passivation  of  GaN-cap  HEMTs 

Figure  7-17  shows  the  gate  lag  data  for  GaN-cap  0.5x1 00pm2  HEMTs.  In  the 
case  at  left,  VG  was  pulsed  from  -5  to  0V  at  0.1  MHz  with  a 10%  duty  cycle  and  this 
pulsed  data  is  compared  to  that  from  dc  measurements.  The  right  of  Figure  7-17  shows 
the  normalized  IDs  for  gate  voltage  switched  from  -5V  with  VDS  held  constant  at  3V  to 
avoid  any  self-heating  effects.  This  data  establishes  the  base-line  for  measuring  the 
effectiveness  of  the  MgO  and  Sc203  passivation.  As  reported  previously(286),  these 
HEMTs  showed  an  increase  in  drain-source  current  of  -20%  after  deposition  of  either 
type  of  oxide.  In  addition,  the  forward  and  reverse  gate  currents  were  slightly  increased 
(Figure  7-18  shows  an  example  for  an  MgO-passivated  HEMT).These  results  are  similar 
to  those  for  SiNx  deposition. Once  again, the  increased  reverse  current  may  be  due  to  gate 
metal  degradation. 
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Figure  7-17.  Gate  lag  measurements  on  unpassivated  GaN-cap  HEMTs  (1.2x1 00pm2 
gate).  At  left  VG  was  switched  from  -5  to  0V,  while  at  right  it  was  switched  from  -5V  to 
the  value  shown  on  the  X-axis. 
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Figure  7-18.  Forward  (left)  and  reverse  (right)  IG-Vo  characteristics  from  1.2x1 00pm2, 
GaN-cap  HEMTs  before  and  after  MgO  passivation. 


Figure  7-19  shows  gate  lag  measurement  for  MgO-passivated  HEMTs 
immediately  after  MgO  deposition  and  after  5 months  aging  without  bias  on  the  devices 
under  room  conditions  (temperature  and  humidity).  The  IDs  increases  -20%  upon 
passivation,  as  mentioned  earlier  and  there  is  almost  complete  mitigation  of  the 
degradation  in  IDS  immediately  after  MgO  deposition.  However  after  5 months  aging, 
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there  is  a clear  difference  between  the  dc  and  pulsed  data,  indicating  that  the  MgO 
passivation  has  lost  some  of  its  effectiveness.  We  are  currently  investigating  possible 
mechanisms  such  as  oxidation  of  the  GaN  surface  through  pinholes  in  the  MgO,  or 
reaction  between  the  MgO  and  GaN. 


Figure  7-19.  Gate  lag  measurements  before  and  after  MgO  passivation  and  following  5 
months  aging  of  1.2x100pm2,  GaN-cap  HEMTs.  At  left  VG  was  switched  from  -5  to  0V, 
while  at  right  it  was  switched  from  -5V  to  the  value  shown  on  the  X-axis. 


Similar  data  is  shown  in  Figure  7-20  for  Sc203-passivated  HEMTs.  In  this  data 
the  IDs  also  increases  upon  deposition  of  the  oxide  and  there  is  also  essentially  complete 
mitigation  of  the  degradation  in  drain-source  current.  However  the  major  difference  is 
that  these  is  no  significant  change  in  these  characteristics  after  5 months  aging.  This 
indicates  that  SC2O3  provides  more  stable  passivation  than  MgO.  We  have  noticed  in 
separate  experiments  that  the  MgO/GaN  interface  deteriorates  over  time  if  left  uncapped, 
i.e.  we  see  increases  in  interface  state  trap  density  in  MOS  diodes  on  which  the  metal  is 
deposited  a long  period  after  the  MgO  was  deposited  on  the  GaN.  However,  if  the  MgO 
is  immediately  covered  by  the  gate  metal,  these  changes  are  not  observed.  In  a real 
manufacturing  process,  the  MgO-passivated  HEMTs  would  be  covered  with  a dielectric 
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such  as  SiNx  to  provide  mechanical  protection  and  therefore  MgO  should  not  be 
disqualified  as  a candidate  to  provide  effective  passivation  of  GaN/AlGaN  HEMTs. 
Obviously,  further  work  is  needed  to  establish  the  reliability  of  SC2O3  and  MgO 
passivation  on  these  devices,  but  the  preliminary  data  with  SC2O3  looks  very  promising. 
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Figure  7-20.  Gate  lag  measurements  before  and  after  Sc203  passivation  and  following  5 
months  aging  of  1.2x1 00pm2,  GaN-cap  HEMTs.  At  left  VG  was  switched  from  -5  to  0V, 
while  at  right  it  was  switched  from  -5V  to  the  value  shown  on  the  X-axis. 


(d)  MgO  and  SC2O3  passivation  of  AlGaN-cap  HEMTs 

Figure  7-21  shows  the  gate  lag  data  for  the  HEMT  structures  of  Figure  1 (right), 
i.e.  the  structures  with  Alo.3Gao.7N  as  the  top  layer.  As  with  the  GaN-cap  devices,  there  is 
a very  significant  degradation  of  drain-source  current  under  pulsed  conditions  where  the 
surface  traps  cannot  completely  empty. 
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Figure  7-21.  Gate  lag  measurements  on  unpassivated  0.5pm  gate  length,  AlGaN-cap 
HEMTs.  At  left  VG  was  switched  from  -5  to  0V,  while  at  right  it  was  switched  from  -5V 
to  the  value  shown  on  the  X-axis. 


The  effectiveness  of  the  MgO  and  SC2O3  passivation  was  more  variable  on  the 
AlGaN-cap  devices  than  for  the  GaN-capped  HEMTs  described  in  the  previous  section. 
Figure  7-22  shows  typical  gate-lag  data  from  a Sc203  passivated  AlGaN-cap  HEMT.  We 
found  that  the  Sc203  deposition  was  typically  able  to  restore  80-90%  of  the  drain  current 
loss  relative  to  dc  measurement  conditions.  Some  devices  showed  essentially  complete 
restoration  of  the  current,  but  the  80-90%  range  was  more  typical.  Similar  results  were 
obtained  for  MgO  passivation,  as  shown  in  Figure  7-23.  Once  again,  some  individual 
HEMTs  showed  essentially  full  restoration  of  IDs  upon  MgO  deposition,  but  a more 
typical  result  was  that  shown  in  Figure  7-23,  with  80-90%  effectiveness.  We  believe  that 
our  in-situ  cleaning  procedure  prior  to  deposition  of  these  oxides  in  the  MBE  chamber  is 
not  able  to  completely  remove  the  native  oxide  from  the  AlGaN  surface.  This  limits  the 
effectiveness  of  the  resulting  passivation  and  accounts  for  the  more  variable  results  we 
observe  for  the  AlGaN-cap  devices. 
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Figure  7-22.  Gate  lag  measurements  before  and  after  Sc203  passivation  of  0.5x100pm2, 
AlGaN-cap  HEMTs.  At  left  Vg  was  switched  from  -5  to  0V,  while  at  right  it  was 
switched  from  -5V  to  the  value  shown  on  the  X-axis. 


Drain-Source  Bias  (V) 


Figure  7-23.  Gate  lag  measurements  before  and  after  MgO  passivation  of  0.5x1 00pm2, 
AlGaN-cap  HEMTs.  At  left  VG  was  switched  from  -5  to  0V,  while  at  right  it  was 
switched  from  -5 V to  the  value  shown  on  the  X-axis. 


MgO  and  SC2O3  thin  films  deposited  by  MBE  appear  very  promising  as  surface 
passivation  layers  on  AlGaN/GaN  HEMTs.  In  our  structures  with  a GaN-cap  layer  they 
provide  more  effective  mitigation  of  drain  current  collapse  than  the  conventional  PECVD 
SiNx  films.  The  Sc203  provides  stable  passivation  characteristics  over  a period  of  at  least 
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5 months,  while  the  MgO  was  found  to  lose  some  of  its  effectiveness  under  the  same 
conditions.  The  passivation  with  both  oxides  is  more  variable  on  AlGaN-cap  structures, 
which  we  believe  is  due  to  the  greater  difficulties  in  removing  the  native  oxide  from  the 
AlGaN  surface  prior  to  deposition  of  the  passivation  films.  With  respect  to  SiNx 
passivation,  we  found  no  obvious  advantage  to  the  use  of  deuterated  precursors  for  the 
deposition.  Finally,  it  showed  be  noted  that  both  MgO  and  Sc203  can  also  be  used  as 
gate  dielectrics  on  GaN  to  provide  MOS  diodes  and  transistors  and  thus  an  MBE  system 
equipped  for  their  deposition  can  provide  both  the  gate  oxide  and  the  device  passivation 
in  a manufacturing  environment. 

7.4  Role  of  Cleaning  Conditions  and  Epitaxial  Laver  Structure  on  Reliability  of  Sc7Ch 
and  MgO  Passivation  on  AlGaN/GaN  HEMTs 
The  effect  of  layer  structure  (GaN  versus  AlGaN  cap)  and  cleaning  procedure 
prior  to  Sc203  or  MgO  deposition  at  100°  C were  examined  for  their  effects  on  the  long- 
term bias-stress  stability  of  AlGaN/GaN  HEMTs.  Surface  cleaning  by  itself  was  not 
sufficient  to  prevent  current  collapse  in  the  devices.  The  forward  and  reverse  gate 
leakage  currents  were  decreased  under  most  conditions  upon  deposition  of  the  oxide 
passivation  layers.  After  approximately  13  hours  of  bias-stressing,  the  MgO-passivated 
HEMTs  retain  > 90%  their  initial  drain-source  current.  The  Sc203-passivated  devices 
retained  ~ 80%  recovery  of  the  current  under  the  same  conditions. 

7.4.1  Introduction 

Remarkable  progress  have  been  made  in  recent  times  in  developing  insulator-GaN 
heterostructures  with  a low  density  of  interfacial  states(291).  This  has  led  to  the  recent 
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demonstration  of  inversion  behavior  in  MgO/p-GaN  gated  devices(292),  which  is  a critical 
first  step  towards  development  of  enhancement-mode  GaN  MOSFETs.  Both  MgO  and 
SC2O3  have  been  found  to  have  a low  interfacial  state  density  (<  3x10' 1 cm'2eV"'  at  25°C) 
on  GaN  when  deposited  under  Molecular  Beam  Epitaxy  (MBE)  conditions*25  293).  These 
materials  may  also  be  employed  as  surface  passivation  layers  on  AlGaN/GaN  high 
electron  mobility  transistors(HEMTs)  in  order  to  reduce  the  effects  of  current  degradation 
and  transconductance  dispersion  that  result  from  surface  traps  between  the  gate  and  drain 
region  of  the  device* I32, 290).  The  oxides  are  found  to  provide  more  effective  passivation 
than  other  reported  films  used  for  the  same  purpose,  such  as  SiNx(267’  294'296).  The 
absence  of  hydrogen  in  the  oxides  also  makes  them  attractive  candidates  for  long-term 
stable  passivation  of  the  HEMTs.  While  some  initial  results  have  shown  excellent  long- 
term stability  (>5  months  for  Sc203  in  AlGaN/GaN  HEMTs)  under  un-biased  conditions, 
there  is  a need  to  investigate  the  reliability  under  bias-stress  testing  conditions. 

In  this  paper,  we  report  on  some  initial  experiments  on  SC2O3  and  MgO 
passivation  of  HEMTs  after  biasing  for  periods  up  to  ~ 13  hours.  The  critical  issues  for 
achieving  acceptable  stability  of  the  passivation  are  reported. 

7.4.2  Experimental 

Several  different  effects  were  investigated  in  this  work.  The  first  was  the 
epitaxial  layer.  Two  different  HEMT  structures  were  used  in  these  experiments.  The 
first  employed  a GaN  undoped  cap  layer  on  top  of  an  undoped  Al0.2Ga0.gN  layer.  Both 
SiC  and  A1203  substrates  were  used,  but  these  did  not  any  effect  on  the  passivation 
results,  which  suggests  that  the  surface  is  the  dominant  factor  and  not  buffer-layer  traps. 
The  doping  in  this  structure  is  basically  due  to  piezo-induced  carriers.  The  second  type 
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of  HEMT  employed  an  undoped  Alo.3Gao.7N  cap  layer  on  top  of  a doped  Alo.3Gao.7N 
donor  layer.  The  doping  in  this  structure  is  due  to  the  intentional  Si-doping  of  the  donor 
layer.  The  ohmic  (Ti/Al/Pt/Au)  and  gate  (Ni/Au)  contacts  were  deposited  by  e-beam 
evaporation  and  patterned  by  lift-off. 

The  100A  thick  MgO,  SC2O3  or  SiNx  layers  were  deposited  on  completed  devices 
(0.25-1. 2pm  gate  length,  100pm  gate  width)  using  Molecular  Beam  Epitaxy  (MBE)  for 
the  oxides  with  a deposition  temperature  of  100°C.  The  devices  were  heated  in  vacuum 
at  300~350°C  prior  to  oxide  deposition.  Details  of  the  oxide  deposition  have  been  given 
previously* 132, 290).  In  addition,  we  investigated  the  effects  of  surface  cleaning  only, 
without  oxide  deposition.  In  this  case,  the  HEMTs  were  exposed  to  UV/Ozone,  followed 
by  heating  to  200°C(290). 

The  HEMT  dc  parameters  were  measured  in  dc  and  pulsed  mode  at  25  °C,  using  a 
parameter  analyzer  for  the  dc  measurements  and  pulse  generator,  dc  power  supply  and 
oscilloscope  for  the  pulsed  measurements.  For  the  gate  lag  measurements,  the  gate 
voltage  VG  was  pulsed  from  -5V  to  0V  at  a frequency  of  100  KHz  with  a 10%  duty 
cycle. 

7.4,3  Results  and  Discussion 
(a)  Surface  Cleaning 

First  we  discuss  devices  which  were  cleaned  with  the  ozone/heating  process  and 
did  not  have  any  oxide  passivation.  The  AlGaN-cap  HEMTs  showed  little  change  in 
their  dc  characteristics  with  the  exception  of  a decrease  in  gate  leakage  (Fig  7-24)  during 
almost  10  hours  of  bias-stress  at  VG  = IV,  VDS  = 8V.  Figure  7-25  shows  the  gate  lag 
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measurements  before  and  after  stressing  for  572  minutes.  There  is  no  further  degradation 
of  the  drain-source  current  over  this  period. 
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Figure  7-24.  dc  characteristics  of  AlGaN-cap  HEMT  cleaned  with  UV/Ozone  and 
subsequent  heating  at  200°C.  The  characteristics  are  shown  before  and  after  bias- 
stressing for  572  mins. 
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Figure  7-25.  Gate  lag  measurements  of  AlGaN-cap  HEMTs  cleaned  with  UV/Ozone  and 
subsequent  heating  at  200°C.  The  data  is  shown  before  and  after  bias-stressing  for  572 
mins. 


Somewhat  different  results  were  obtained  for  the  GaN-cap  HEMTs.  Figure  7-26 
shows  the  dc  characteristics  before  and  after  bias-stressing.  In  this  case  the  gate  currents 
were  increased,  which  may  be  more  of  an  issue  related  to  degradation  of  the  metal- 
semiconductor  interface  than  surface-related.  In  these  devices,  the  gate-lag 
measurements  showed  a continued  deterioration  of  the  current  collapse  with  bias- 
stressing time  (Figure  7-27).  These  results  indicate  that  surface  cleaning  alone  is  not 
sufficient  to  prevent  the  current  collapse  phenomenon,  or  equivalently,  that  the  nitride 
semiconductor  surface  is  not  adequately  passivated. 
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Figure  7-26.  dc  characteristics  of  GaN-cap  HEMT  cleaned  with  UV/Ozone  and 
subsequent  heating  at  200°C.  The  characteristics  are  shown  before  and  after  bias- 
stressing for  572  mins. 
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Figure  7-27.  Gate  lag  measurements  of  GaN-cap  HEMTs  cleaned  with  UV/Ozone  and 
subsequent  heating  at  200°C.  The  data  is  shown  before  and  after  bias-stressing  for  572 
mins. 

(b)  Effect  of  Vacuum  Anneal  Temperature  Prior  to  Oxide  Deposition 

Figure  7-28  shows  the  dc  characteristics  from  an  AlGaN-cap  HEMT  cleaned  in- 
situ  by  heating  to  350°C  prior  to  deposition  of  MgO  at  100°C.  The  only  significant 
change  is  once  again  a decrease  in  reverse  gate  leakage. 

The  major  difference  observed  with  these  oxide-passivated  devices  is  shown  in 
Figure  7-29,  where  the  gate  lag  data  shows  essentially  complete  mitigation  of  the  current 
collapse,  both  before  and  after  bias-stressing  for  approximately  758  minutes.  It  is  clear 
that  the  MgO  passivation  is  stable  under  bias  for  at  least  this  period.  We  observed  similar 
results  for  HEMTs  passivated  with  a bi-layer  of  Mg0/Sc203  .We  have  previously 
observed  that  unprotected  MgO  may  degrade  over  a long  period  by  reaction  with  water 
vapor.  However,  when  it  is  encapsulated  with  another  film,  it  is  stable. 
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Figure  7-28.  dc  characteristics  of  AlGaN-cap  HEMT  heated  to  350°C  prior  to  MgO 
deposition.  The  characteristics  are  shown  before  and  after  bias-stressing  for  758  mins. 
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Figure  29.  Gate  lag  measurements  of  AlGaN-cap  HEMTs  heated  to  350°C  prior  to  MgO 
deposition.  The  characteristics  are  shown  before  and  after  bias-stressing  for  758  mins. 

Similar  results  are  shown  in  Figure  7-30  for  GaN-cap  HEMTs  heated  at  350°C 
prior  to  MgO  deposition.  In  these  devices  there  is  a slight  (a  few  percent)  decrease  in 
drain-source  current  over  758  minutes  of  bias-stressing  and  similar  changes  were 
observed  for  300°C  pre-cleaning.  We  believe  that  incomplete  surface  cleaning  is 
responsible  for  these  changes,  since  700°C  would  be  the  ideal  temperature  for  oxide 
deposition  but  this  is  not  compatible  with  the  existing  metallization  in  use  on  the  HEMTs. 


Figure  7-30.  Gate  lag  measurements  of  GaN-cap  HEMTs  heated  to  350°C  prior  to  MgO 
deposition.  The  characteristics  are  shown  before  and  after  bias-stressing  for  758  mins. 
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For  SC2O3  passivation,  we  also  observed  degradation  of  the  drain-source  current 
under  pulsed  conditions  as  a result  of  the  bias-stressing  cycle,  as  shown  in  Figure  7-3 1 for 
350°C  pre-cleaning  and  Figure  7-32  for  300°C  pre-cleaning.  Future  work  will  focus  on 
the  differences  between  MgO  and  SC2O3  in  terms  of  both  electrical  and  mechanical 
stability  during  long-term  bias-stressing  under  ambient  conditions. 
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Figure  7-31.  Gate  lag  measurements  of  AlGaN-cap  HEMTs  heated  to  350°C  prior  to 
Sc203  deposition.  The  characteristics  are  shown  before  and  after  bias-stressing  for  758 
mins. 
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Figure  7-32.  Gate  lag  measurements  of  AlGaN-cap  HEMTs  heated  to  350°C  prior  to 
Sc203  deposition.  The  characteristics  are  shown  before  and  after  bias-stressing  for  758 
mins. 
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Excellent  stability  of  HEMT  passivation  was  obtained  during  bias-stressing  (up  to 
~ 13  hours)  of  both  AlGaN-  and  GaN-cap  devices  with  MgO  passivation.  Small  changes 
(a  few  percent)  in  drain-source  current  were  observed  for  Sc203-passivated  devices  under 
the  same  conditions.  A bi-layer  of  MgO/Sc2C>3  prevented  deterioration  of  the  MgO 
through  reaction  with  water  vapor  in  the  ambient. 

7.5  Shielding  Effects  of  Dielectric  Films  on  Radiated  Nitride  HEMTs 
AlGaN/GaN  High  Electron  Mobility  Transistors  (HEMTs)  with  either  MgO  or 
SC2O3  surface  passivation  were  irradiated  with  40  MeV  protons  at  a dose  of  5xl09  cm'2. 
While  both  forward  and  reverse  bias  current  were  decreased  in  the  devices  as  a result  of 
decreases  in  channel  doping  and  introduction  of  generation-recombination  centers,  there 
was  no  significant  change  observed  in  gate  lag  measurements.  By  sharp  contrast, 
unpassivated  devices  showed  significant  decreases  in  drain  current  under  pulsed 
conditions  for  the  same  proton  dose.  These  results  show  the  effectiveness  of  the  oxide 
passivation  in  mitigating  the  effects  of  surface  states  present  in  the  as-grown  structures 
and  also  of  surface  traps  created  by  the  proton  irradiation 
7.5.1  Introduction 

MgO  and  Sc203  thin  films  deposited  by  Molecular  Beam  Epitaxy  have  shown 
great  promise  for  surface  passivation  of  AlGaN/GaN  High  Electron  Mobility  Transistors 
(HEMTs)  and  as  gate  dielectrics  in  metal-oxide  semiconductor  HEMTs  (MOS- 
HEMTs)*71, 235, 237 ’ 242'246).  Two  of  the  highest  remaining  obstacles  to  commercialization 
of  AlGaN/GaN  HEMTs  are  the  current  degradation  and  transconductance  dispersion 
resulting  from  creation  by  surface  states  of  a virtual  gate  in  the  gate-drain  region*76, 209, 22 
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265,294, 295,301-303)  0f  the  high  gate  leakage  alleviated  temperatures  of  conventional 
metal-gate  HEMTs1267’278’304'3071.  The  recent  advances  in  use  of  various  oxides  and 
dielectrics  for  surface  passivation  and  as  gate  dielectrics  have  gone  a long  way  forwards 
solving  these  problems,  although  issues  of  reliability  and  manufacturability  remain  to  be 
proven. 

Some  of  the  applications  for  AlGaN/GaN  HEMTs  would  be  satellite 
communication  systems  for  broad-band  data  transmission  and  weather  forecasting.  For 
these  applications,  it  is  necessary  to  measure  the  response  of  the  devices  to  the  type  of 
high  energy  proton  and  gamma  ray  fluxes  encountered  in  low-earth  orbit1308'3111.  In  this 
paper  we  report  on  the  properties  of  AlGaN/GaN  HEMTs  with  MgO  or  SC2O3 
passivation,  after  irradiation  with  40MeV  proton  at  a dose  equivalent  to  approximately  10 
years  in  low-earth  orbit.  Both  GaN-cap  and  AlGaN-cap  devices  were  investigated.  The 
oxide  passivation  remains  effective  even  after  proton  irradiation. 

7.5.2  Experimental 

Figure  7-33  shows  the  two  types  of  HEMTs  employed  in  this  work.  The 
processing  and  growth  conditions  for  the  structures  has  been  described  in  detail 
previously1132, 133,290).  The  100A  thick  MgO  and  SC2O3  layers  were  deposited  on 
completed  1.2x1 00pm2  HEMT,  using  O2  plasma-assisted  MBE,  as  also  described 
previously1 132, 133’285’290).  The  HEMT  dc  characteristics  were  measured  in  both  dc  and 
pulsed  mode  using  a HP  4145B  parameter  analyzer  or  pulse  generator,  dc  power  supply 
and  oscilloscope,  respectively.  The  devices  were  measured  before  and  after  irradiation 
with  40MeV  protons  at  a fluence  of  5x1 09  cm'2  in  the  Texas  A&M  cyclotron. 
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Measurements  were  taken  ~50  hours  after  irradiation.  The  proton  fluence  corresponds  to 
at  least  1 0 years  exposure  in  low-earth  orbit. 


Figure  7-33.  Schematics  of  GaN-cap(left)  and  AlGaN-cap(right)  HEMT  structures. 

7.5.3  Results  and  Discussion 

(a)  GaN-cap  HEMTs 

Figure  7-34  shows  the  Ids-Vds  characteristics(top  left),  transfer  characteristics(top 
right),  and  forward  (bottom  left)  and  reverse  (bottom  right)  I-V  characteristics  from  an 
MgO  passivated,  GaN-cap  HEMT  before  and  after  proton  irradiation.  As  reported 
previously  for  unpassivated  HEMTs(132),  the  changes  in  IDS  and  gm  are  very  small  for 
these  dose  conditions.  The  diode  ideality  factor  and  barrier  height  were  unchanged  as  a 
result  of  the  irradiation,  while  the  reverse  breakdown  voltage  increased.  This  is 
consistent  with  removal  of  conduction  electrons  by  the  creation  of  deep  trap  states  by  the 
protons  traversing  the  AlGaN/GaN  layer.  Each  increasing  proton  is  estimated  to  create 
~50  stable  traps* l32).  The  presence  of  the  MgO  passivation  did  not  have  any  measurable 
effect  on  the  changes  in  HEMT  dc  characteristics  observed  after  proton  irradiation  when 
we  compared  the  results  to  unpassivated  devices  irradiated  under  the  same  conditions. 
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Figure  7-34.  dc  characteristics  of  MgO  passivated,  GaN-cap  HEMTs  before  and  after 
proton  irradiation. 


We  have  previously  employed  gate  lag  measurements  as  an  indication  for 
establishing  the  effectiveness  of  oxide  passivation  of  HEMTs(132).  Figure  7-35  shows  the 
Ids  as  a function  of  Vds  for  pulsed  measurements  reported  previously,  there  is  essentially 
complete  mitigation  of  the  current  collapse  by  employing  MgO  passivation  and  for  clarity 
sake,  we  do  not  show  the  dc  result  since  it  is  coincident  with  the  pulsed  result.  In  this 
data,  VG  was  pulsed  from  -5  to  0V  at  0.1  MHz  with  a 10%  duty  cycle.  The  right  of  Figure 
7-35  shows  the  Ids  when  the  gate  voltage  is  switched  from  -5  to  0V  with  Vds  held 
constant  at  3V  to  avoid  complication  from  device  heating.  These  was  essentially  no 
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change  as  a result  of  the  proton  irradiation,  which  indicates  that  the  MgO  is  not  degraded 
by  the  dose  conditions  employed  and  that  it  does  not  lose  its  effectiveness  as  a passivant 
of  surface  states  on  the  HEMT  structure. 
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Figure  7-35.  Gate  lag  measurements  of  MgO  passivated  GaN-cap  HEMT.  At  left,  VG  is 
switched  from  -5V  to  OV,  while  at  right  it  is  switched  from  -5V  to  the  value  shown  in  the 
X-asix. 


Similar  results  were  achieved  with  Sc203  passivation  layers.  Figure  7-36  shows 
the  dc  characteristics  from  the  GaN-cap  HEMT  before  and  after  proton  irradiation.  The 
major  change  in  the  characteristics  is  once  again  in  the  reverse  breakdown,  which 
increases  due  to  a reduction  in  the  channel  doping  level. 
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Figure  7-36.  dc  characteristics  of  Sc203  passivated,  GaN-cap  HEMTs  before  and  after 
proton  irradiation. 


Figure  7-37  shows  the  results  of  the  gate  lag  measurements.  Once  again  there  is 
no  significant  change  in  the  behavior  of  the  HEMT  as  a result  of  the  proton  irradiation, 
which  indicates  that  SC2O3  is  also  stable  under  the  dose  conditions  employed.  It  will  be 
also  necessary  to  establish  the  long-term  stability  of  the  proton-irradiation  deices,  in  order 
to  ascertain  any  differences  from  unpassivated  devices  irradiation  under  the  same 


conditions. 
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Figure  7-37.  Gate  lag  measurements  of  Sc203  passivated  GaN-cap  HEMT.  At  left,  VG  is 
switched  from  -5V  to  OV,  while  at  right  it  is  switched  from  -5V  to  the  value  shown  in  the 
X-asix. 


(b)  AlGaN-cap  HEMTs 

The  Ids-Vds  characteristics,  transfer  characteristics  and  forward  and  reverse  I-V 
characteristics  are  shown  in  Figure  7-38  both  before  and  after  proton  irradiation.  The 
changes  are  again  very  small  at  the  5xl09  cm'2  dose,  with  perhaps  even  less  damage  than 
measured  for  the  GaN  cap  devices.  The  may  be  due  to  the  greater  radiation  hardness  of 
AlGaN  because  of  its  higher  average  band  strength  relative  to  GaN. 
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Figure  7-38.  dc  characteristics  of  Sc203  passivated,  AlGaN-cap  HEMTs  before  and  after 
proton  irradiation. 


Figure  7-39  shows  the  gate  lag  data.  Once  again  the  Sc203  passivation  effectively 
eliminates  the  effect  of  the  surface  states  and  the  proton  irradiation  produces  a small 
deterioration  in  drain-source  current.  However,  an  unpassivated  device  irradiated  under 
the  same  conditions  suffers  a much  greater  degradation  in  IDS,  implying  that  three  are 
significant  number  of  surface  traps  created  by  the  proton  irradiation.  These  traps  are  also 
passivated  by  the  Sc203  layer  in  addition  to  the  existing  traps  present  after  growth  of  the 
HEMT.  In  this  respect  the  presence  of  the  Sc203  serves  as  a radiation-hardening 
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mechanism,  protecting  the  HEMT  from  the  degradation  it  would  otherwise  suffer  as  a 
result  of  the  proton-induced  damage. 


Figure  7-39.  Gate  lag  measurements  of  unpassivated  and  Sc203  passivated  AlGaN-cap 
HEMTs.  At  left,  VG  is  switched  from  -5V  to  OV,  while  at  right  it  is  switched  from  -5V  to 
the  value  shown  in  the  X-asix. 


MgO  and  SC2O3  passivated  HEMTs  show  minimal  changes  I surface-related 
trapping  as  a result  of  high  energy  proton  irradiation  and  all  changes  in  their  dc 
performance  result  from  traps  created  in  a near  the  channel  layer.  The  oxide  passivation 
also  serves  to  reduce  the  effect  of  near-surface  traps  created  by  the  protons  traversing  the 
layer  structure. 
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